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ABSTRACT 

Cunently, asthma affects 25 .7 million people in the United States and is increasing in 

prevalence worldwide, with young children at high risk. Recent studies show that early 

environmental exposure can lead to asthma and impair lung function. While the 

development of asthma is not fully understood, findings indicate that cigarette smoke, 

ozone, allergen, or viral exposure to an immature lung can induce changes in airway 

innervation. However, the mechanisms underlying these changes and how these changes 

affect lung function are unknown. 

Normally, lung innervation plays a role in coughing, sensing, and breathing. We found 

that embryonic lung innervation requires brain-derived neurotrophin factor (BDNF) 

signaling and postnatal lung innervation requires neurotrophin 4 (NT4) signaling. Since 

both of these neurotrophins signal through tyrosine kinase receptor B (TrkB), they have 

temporally distinct roles in airway smooth muscle (ASM) innervation. We show that 

neurotrophins are released from ASM and act as target-derived signals for ASM 
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innervation. We also show that early allergen exposure in neonatal mice increase 

NT4/TrkB signaling leading to ASM hyper-innervation. Notably, genetic disruption and 

small molecule blockade ofNT4/TrkB signaling in early allergen exposed neonates 

prevented both acute and persistent aitway hyper-reactivity without affecting baseline 

airway function or inflammation. Fmthermore, biophysical assays using lung slices and 

isolated ASM cells demonstrated that NT4 was required for ASM hyper-contractility 

induced by early-life allergen exposure. 

Together, our fmdings show that the NT4/TrkB dependent increase in innervation plays a 

critical role in altering the ASM phenotype during postnatal growth, thereby linking 

early-life allergen exposure to persistent airway dysfunction. Our fmdings may explain 

why children who are exposed to environmental insults often develop asthma later in life. 

Findings from this study may also provide new pathways and targets for novel allergic 

asthma therapies. 
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CHAPTER 1: Mechanisms of respiratory innervation during embryonic 

development 

1.1 Summary 

Understanding the development of lung innervation is impmiant because innervation 

regulates lung functions such as coughing, breathing, mucus secretion and clearance, 

blood flow, and inflammation. A growing body of evidence now shows that impaired 

lung innervation can lead to improper lung development, COPD, and asthma. However, a 

solid understanding of the nmmal development of lung innervation will bolster these 

studies and perhaps provide new pathways to explore. The respiratory tract consists of the 

trachea and lungs, and is innervated by a combination of intrinsic neurons, whose cell 

bodies reside within the tissue, and extrinsic neurons, whose cell bodies are located in the 

central nervous system and nodose, jugular, and dorsal root ganglia. While lung 

innervation is not a new topic, new tools are breathing life into the field of lung 

innervation. Here, I discuss the signaling mechanisms that underlie innervation of the 

embryonic respiratory tract. 

1.2 Introduction 

The mammalian respiratory tract consists of the trachea and lung. It arises from ventral 

foregut endoderm ( 1 ). After progenitor specification, the lung primordia bifurcate 

ventral-laterally to form two primary lung buds. These buds continue to invade the 

surrounding mesenchyme, elongate, and branch to ultimately form a tree-like stmcture of 
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epithelium tubules and alveoli. Along with lung bud fmmation, the trachea forms 

ventrally and separates from the primitive esophagus that is formed in the dorsal side of 

the foregut. Meanwhile, the mesenchyme fmms from lateral plate mesode1m and gives 

rise to other cell types in the respiratory tract, such as airway smooth muscle (ASM), 

tracheal cartilage, lymphatics, and blood vessels (1). In mice, the trachea and lung form 

around E9, and the respiratory tract continues to develop after birth before reaching 

maturity around 3-4 weeks postnatally (1-3). 

During respiratory tree development, a complex neuronal network forms ( 4). This 

network includes axons from extrinsic neurons, whose cell bodies are located outside of 

the respiratory tract, and intrinsic neurons whose cell bodies reside in the trachea and 

major bronchi and cluster to form ganglia (Fig. 1) (5,6). Previous studies identified the 

location of extrinsic neuronal cell bodies by using a combination of 

retrograde/anterograde labeling techniques, immunohistochemistly, and microscopy (7-

12). Extrinsic neurons within the dorsal and ventral respiratory nuclei in the medulla 

oblongata and within the jugular and nodose ganglia supply parasympathetic efferents 

and most of the sensory afferents, respectively (Fig. lB) (6,13-15). These axons travel 

along the vagus nerve to innervate ASM and neuroendocrine bodies (NEBs) in the lung 

epithelium (Fig. lB) (13,16). Some efferents also connect to intrinsic neurons that 

provide post-ganglionic parasympathetic input to the trachea and bronchi (Fig. 1A) (6). In 

addition, sensory afferents from the dorsal root ganglia connect with thoracic ganglia to 

supply sympathetic innervation to the blood vessels and submucosal gland (Fig. 1) (6) . 
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This complex, neural network functions to control breathing, smooth muscle tone, and 

mucous secretion and to trigger reflexes such as cough (13-15). 

Although lung innervation has been described by previous studies in humans, primates, 

rodents, and several other animals, signals that regulate respiratmy neurogenesis are not 

fully understood (17-20). Here, we review current knowledge on mechanisms of 

respiratory neurogenesis during embtyonic development. Most studies on neurogenic 

signals were performed in mice, where ASM and NEBs are the major targets of 

innervation. This chapter is designed to highlight key findings in the development of 

respiratory tract innervation rather than a comprehensive overview of every study 

published in this field. We apologize to authors whose conuibution is not acknowledged. 

1.3 Intrinsic neurogenesis within the respiratory tract 

Earlier observations in the airways of humans and other species show that intrinsic 

neurons express neural crest cell markers, suggesting their neural crest migin (21,22) . 

Follow-up studies using engraftment of avian neural tissues and lineage labeling in 

mouse embryos definitively prove that intrinsic neurons in the respiratory tract are 

exclusively derived from vagal neural crest cells (23,24). These neural crest cells 

generate both neurons and glial cells that cluster to form ganglia, mostly found in the 

dorsal trachea and upper respiratory tract (Fig. lA) (23,24). As the size of the airway 

tapers off along the proximal-distal axis of the respiratory tree, there are fewer intrinsic 
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neurons (23,24). In mice, a small number of intrinsic neurons are located in the 

secondary and tertia1y bronchi with little to none in the distal lung (Fig. IA). 

In addition to intrinsic neurons in the respiratmy tract, vagal neural crest cells also give 

rise to enteric neurons in the gastrointestinal tract (25,26). These two groups of neural 

crest cells likely migrate together initially. Upon separation of the trachea from the 

esophagus at E1 0.5 in mouse emb1yos, neural crest cells that migrate into the space 

between the esophagus and the trachea begin to take different paths (23,24). 

Innervation of the gastrointestinal tract by enteric neural crest cells is well characterized 

compared to the respiratory innervation by intrinsic neurons. Expressed in the enteric 

wall, glial cell derived neurotrophic factor (GDNF) is an essential chemo-attractant for 

enteric neural crest cells (27-30). GDNF belongs to a family that also includes neurturin, 

artemin, and persephin. Each family member binds to unique GDNF family co-receptors 

1, 2, 3, and 4 (GFRal-4), respectively (31,32). When the GDNF family ligand binds to 

the GFRa co-receptor, the common tyrosine kinase receptor RET is recruited for 

downstream signaling (31 ,32). Enteric neural crest cells predominantly express GFRa 1 

(24,30). Consistently, genetic disruption ofGDNF or RET diminishes the migration of 

enteric neural crest cells and subsequent formation of the enteric nervous system (27-

30,33). 
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In contrast, GDNF is not expressed in the trachea, and GDNF deficiency has no effect on 

the respiratmy intrinsic neurons (23,24). This suggests that respiratory neural crest cells 

depend on different chemo-attractants for migration. Further characterization of other 

GDNF family member and receptor expression shows that neurturin is expressed in the 

respiratmy tract, and that respiratmy neural crest cells express both GFRal and GFRa2 

(24). However, the neurturin knockout mouse emb1yos have normal airway intrinsic 

innervation (24 ). In addition, loss of RET function, which demolishes the signaling 

activity of all GDNF family members, does not affect the number of respiratmy intrinsic 

neurons at E14.5 (23). These findings indicate that the respiratory neural crest cells are 

independent of the GDNF family for migration into the respiratmy tract. However, Ret 

deficiency leads to a 50% reduction in the size of the ganglia at E18.5 (24). Thus, GDNF 

family signaling, through the Ret receptor, likely plays a role in the survival, 

proliferation, and/or differentiation of these neural crest cells after they reach the 

respiratmy tract. Signals for the migration of neural crest cells in the respiratmy tract 

have yet to be identified. 

In addition to the difference in essential migratmy signals between the respiratory and 

gastrointestinal neural crest cells, cells that migrate into these two organs also differ in 

their progenitor status. Recently, using avian embryos, the Bums lab has shown that after 

graft into the vagal neural tube, neural crest cells that have already reached the gut can 

still migrate into the lung and the gut (34). However, neural crest cells collected from the 

lung fail to migrate after graft (34 ). These findings suggest that respiratory neural crest 
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cells are committed once they reach their destination whereas gastrointestinal neural crest 

cells maintain their migratory potentials even after they migrate into the gut. 

1.4 ASM innervation by extrinsic neurons 

While intrinsic neurons likely provide parasympathetic innervation to the trachea and 

main bronchi, a large body of evidence indicates that intrinsic neurons do not contlibute 

significantly to lung innervation (Fig. 1B). Firstly, most of inti·insic neurons are located 

in the trachea and main bronchi (19,23,24). Only a small number of intrinsic neurons are 

found in the secondary and tertiary bronchi with little to none in the distal lung (23,24). 

Secondly, inti·insic neurons have short axons, suggesting that they function locally (35). 

Thirdly, although RET mutant embryos have a reduction in the size of resident ganglia at 

E18.5, they have no defects in lung innervation (24). Finally, vagotomy results in an 

almost complete loss of innervation of airway targets, such as NEBs (36). Collectively, 

these findings indicate that the lung is innervated predominantly by extrinsic neurons. 

However, the role of intrinsic lung innervation cannot be fully elucidated until functional 

data is obtained from animal models selectively deficient in intrinsic neurons. 

During embryogenesis, the outgrowth of axons into the distal lung is closely associated 

with the formation of ASM. Studies in the fetal porcine and human lung show that the 

developing tubules are covered in a layer of ASM and ensheathed in a newly formed 

neuronal network (18,19,37). Two large nerve trunks run the length ofthe bronchial tree. 

They give rise to a network of bundles, with fine fibers covering up to the growing tips of 
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the airways ( 18, 19). This close temporal and spatial relationship between ASM formation 

and axon outgrowth suggest an ASM-derived trophic mechanism for innervation. 

The extrinsic neurons depend on the nerve growth factor (NGF) family for ASM 

innervation. The NGF family includes NGF, brain-derived neurotrophic factor (BDNF), 

neurotrophin 3 (NT3), and NT4 (38,39). They signal through high-affinity tyrosine kinase 

Trk receptors with relative selectivity: TrkA for NGF, TrkB for BDNF and NT4, and 

TrkC for NT3. Both BDNF and NT4 are expressed by embryonic ASM (40). The BDNF 

knockout embryos have reduced axon branches and shortened axons targeting the ASM 

without any change in lung morphogenesis or ASM differentiation ( 40). Thus, BDNF 

serves as a target-derived neurotrophic factor for ASM innervation by extrinsic neurons 

during embryogenesis ( 40). These findings also provide further evidence that intrinsic 

neurons and extrinsic neurons require distinct neurogenic signals for innervation of the 

respiratory tract. 

To ensure appropriate innervation, BDNF expression needs to be temporally coordinated 

with ASM differentiation. Notably, BDNF mRNA is expressed as early as E11.5 in the 

lung mesenchyme prior to its differentiation into ASM (40). To coordinate, a post­

transcriptional regulation is at play to repress the translation of BDNF mRNA until ASM 

is formed. One of the mechanisms of post-transcriptional regulation ofBDNF expression 

is through a microRNA, miR-206. miR-206 is expressed in lung mesenchyme, and its 

expression is down-regulated upon ASM differentiation. In addition, miR-206 targets 
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BDNFrnRNA for degradation (40). Fmihermore, the miR-206 knockout mice exhibit 

premature airway innervation (40). Collectively, these findings suppmi miR-206 as a 

post-transcriptional regulator for coordinated BDNF protein expression, ASM 

differentiation, and ASM innervation. 

Additionally, NT4, which binds to the same TrkB receptor as BDNF, may play a 

redundant role in ASM innervation. Consistent with this hypothesis, previous studies 

showed that mice deficient in both BDNF and NT4 have a diminished number of neurons 

in the nodose-petrosal ganglion complex, one of the locations where extrinsic neurons 

reside (Fig. 1) ( 41 ). In addition, airway innervation was more reduced in the TrkB_1_ mice 

than in the NT4_1
_ mice ( 42). 

1.5 NEB innervation 

NEBs are specialized clusters of pulmonary neuroendocrine cells that originate from the 

airway epithelium in the mammalian lung. Whereas solitary pulmonary neuroendocrine 

cells are found in the trachea, bronchioles, and terminal airways, NEBs are localized only 

in the intrapulmonary airways (43). The cytoplasm of the NEB contains secretory 

granules that are loaded with bioactive molecules, such as neuropeptide, monoamines and 

purine transmitters (16,36,43). NEBs are usually found at or near the bifurcation sites of 

the airway (36) and juxtapose invariant Clara cells, a cell population with stem-celllike 

properties ( 44,45). Due to these unique structural, chemical, and positional properties, 

NEBs have been speculated to function as mechanoreceptors and play a role in oxygen 
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sensing and regeneration of the distal pulmonary epithelium (43 ,46,47). However, precise 

roles ofNEBs remain elusive. 

NEBs in the lung epithelium are innervated by a mixture of sensory and cholinergic 

nerves (36). These sensory afferents originate from the nodose ganglia and dorsal root 

ganglia, and the cholinergic efferents come from the brain stem and intrinsic ganglia 

(16,36). NEB innervation by P2X2 + and P2X3 + axons is reduced in NT4_1_ mice, indicating 

that NT4 is required for NEB purinergic innervation (48). Whether NEB innervation 

regulates the role ofNEBs dming homeostasis and regeneration of the lung epithelium is 

unknown. 

1.6 Conclusion 

Despite recent progress on the mechanisms of respiratory innervation, future studies are 

required to fully understand these processes. For example, additional signals that control 

NEB innervation remain to be identified. In addition, mechanisms underlying ASM 

innervation in postnatal life need to be further investigated. Lately, mounting evidence 

indicates that altered innervation is involved in the pathogenesis of respirat01y diseases 

( 49-51 ). Identification of the signals required for disease-related neural plasticity will 

likely provide groundwork for identification of new therapeutic targets. 
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CHAPTER 2: Development of Childhood Asthma and Persistence into Adulthood 

2.1 Summary 

Asthma requires both genetic predisposition as well as appropriate allergen exposure for 

development. It is becoming clear that exposure to various environmental factors in early 

childhood can affect, either negatively or positively, the developmental process of 

asthma. While the pathways leading to asthma are not fully understood, recent fmdings 

indicate that environmental factors such as chemical initants, allergen, or viral exposure 

in an immature lung induce hyper-innervation of airway smooth muscle cells . Increased 

innervation can occur through direct neuronal stimulation by chemical irritants such as 

ozone and cigarette smoke, or by cytokine stimulation following immune cell activation 

initiated by allergen exposure. In all cases, neurotrophins are critical for this effect. 

Recent findings have begun to identify the mast cell as a critical immune component 

triggered by allergen exposure and the cellular bridge between allergen stimulation and 

hyper-innervation. Animal models also indicate that hyper-innervation results in 

increased airway resistance that persists well into adulthood, even in the absence of 

continued allergen exposure. These findings suggest that structural changes that occur in 

the developing lung following chemical or allergen insult have a sustained impact on 

adult lung function, thereby contributing to a hyper-reactive lung associated with 

asthmatic bronchoconstriction. This chapter highlights recent fmdings regarding lung 

development and neuronal alterations that occur with chemical or antigenic exposure. 
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2.2 Introduction 

The incidence of asthma has been increasing worldwide for the past decade; however, it 

is unclear why. A strong connection has been established between viral infection early in 

life with subsequent alteration in airway epithelial cells, development of Th2-mediated 

inflammation, and allergen-induced bronchoconstriction (52-57). Longitudinal studies 

have indicated that viral infections (rhinovirus and RSV) in infants lead to development 

of wheeze and that these children have a higher likelihood of becoming asthmatic later in 

life (58-61). A complex association therefore exists between genetic predisposition, viral 

exposure, allergen exposure, alterations in immune responses, and onset of asthma. While 

the lung is still developing post birth, early allergen exposure may alter lung function. As 

discrete steps in lung development in humans cannot be captured for practical reasons, 

many insights on postnatal lung development have been gained from studies in mice and 

non-human primates. The mouse lung matures, based on alveolarization, in early 

adulthood, by day 36 (63 ,64), while the non-human primate lung shows rapid growth 

through age 2 with slower growth until 7 years of age (65). The human lung shows rapid 

growth through age 3 with slower growth until age 8 (3,66), but is not considered fully 

mature until early adulthood. 

Independent of the cause or age of onset, the definitive clinical feature and primary 

pathologic component of patients with asthma is reversible hyper-reactivity of the airway 

smooth muscle (ASM). While inflamed lung tissue and mucus secretion are contributing 

factors, bronchoconstriction represents the major cause for wheeze and shortness of 
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breath. Under normal physiological conditions, acetylcholine released from innervating 

cholinergic nerves is the most potent signal to trigger bronchoconstriction. While signals 

:from immune cells likely contribute to deregulated ASM contraction in asthma, neuronal 

hyper-reactivity is critical for antigen-mediated bronchoconstriction (67). Therefore, 

understanding the effects of early exposure to allergens and viruses on the developmental 

process of nerve growth in genetically predisposed individuals is critical to understanding 

asthma pathogenesis. Data now indicate that allergen exposure during early childhood 

result in permanent structural changes to the lung, pa1iicularly in ASM innervation 

(68,69). Identification of pathways triggered by these exposures could lead to novel 

modalities for therapeutic approaches that prevent or delay asthma development later in 

life. 

Much of the data in humans on interactions between the neural and ASM axis are from 

allergen challenge studies. In this regard, there is a significant body of literature that 

illustrates the relationship between the production of neurotrophins (NTs) in the lung 

following allergen exposure and subsequent development of asthmatic responses in adults 

(70). Several studies have shown an increase in the levels ofNTs, such as nerve growth 

factor (NGF) in the bronchial lavage fluid (71) and blood serum (72,73) of adult 

asthmatic patients and mice (74,75). Infiltrating immune cells, ASM, and lung epithelium 

produce elevated levels ofNTs. The presence ofNTs affects many different cell types as 

it not only alters the neurochemical properties of innervating axons in the airway, but also 

affects the function of resident and recruited immune cells (76-84). In addition to the 
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crosstalk between immune cells and nerves through NTs, axons also release a vatiety of 

neuropeptides in response to mechanical stimuli and allergen insults that are required for 

induction of the inflammatory response. In suppoti of a direct communication between 

nerves and immune cells, the sensoty neuronal ion channel expressed in the airway 

chemosensory nerves, TRP Al, was shown to be essential for development of allergic 

airway inflammation and hyper-reactivity in adult mice (85). The genetic deletion of 

TRP A 1 or antagonistic mediators of TRP AI activation demonstrated the inhibition of 

allergen-induced leukocyte recruitment, reduced Th2 cytokines, and reduced mucin 

production along with a significant reduction in airway reactivity to contractile stimuli 

(85). This data suggests that TRP Al is an integral link between the nervous system and 

the immune system during asthmatic responses. Mast cells also appear to facilitate 

interactions with the nervous system as they have been shown to release chemicals that 

directly activate both the neurons and ASM (86-95). 

As early allergen or viral exposure appears pivotal for subsequent development of the 

asthmatic response, the relationship between the immune and nervous systems becomes 

more complex. This increased complexity is centered on the maturing state of both 

systems when exposure initially occurs. We, and others, have recently identified 

significant differences in cytokine production and T regulatory cell function in peripheral 

immune cells obtained from children at birth through three years of age (96-1 02) as 

compared with adult cellular responses. The differences in cytokine production along 

with the observed blunted T regulatory cell responses suggest that regulation of the 
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immune system has not fully developed. Similarly, studies indicate that the nervous 

system in the lung does not fully mature until close to adulthood (see below). These 

findings suggest that the interactions between these two systems following allergen or 

viral pe1turbation would be markedly different in children as compared with adults. 

Along these lines, our focus has been on the association between innervation and 

asthmatic responses in the developing lung. We have identified a strong connection 

between NT production and the subsequent increase in innetvation in the setting of 

allergic sensitization and challenge. However, to fully understand the effects of allergen 

exposure on innervation, we first need to gain a better understanding of axon-genesis in 

the airway during embryogenesis and postnatal growth. Changes resulting from early 

exposure to allergen or viral exposure can then be addressed along with their underlying 

mechanisms. Based on previous studies, we propose that altered NT expression from 

early allergen exposure has a profound and long-term impact on airway structure and 

function. These changes would be relevant to contribute to asthma pathogenesis in the 

neonatal and early infant periods. 

2.3 Lung development and innervation 

The timeframe and processes for lung development in the mouse have been extensively 

investigated. Mouse lung development is similar to human lung development except the 

mice have different numbers of airway branches proximal to the terminal bronchiole and 

lack submucosal bronchial glands. Therefore, the mouse can be used as a model of lung 
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development. The mouse is also used as a common model to investigate pathogenic 

pathways for asthma development; thereby creating a model that can mimic asthma 

development in humans (103). In the mouse, the lung begins to develop at embryonic day 

9.5 (E9.5) with bi1ih occurring at E21 (1). Innervation of the embryonic lung begins to 

develop at El2 following lung branching, which begins at Ell (19,104,105). The newly 

generated axons extend into the distal lung and are found adjacent to the developing 

ASM. They continue to grow and form a complex, neural network primmily innervating 

the ASM with some innervation of airway epithelium. Throughout the maturation 

process, innervation continues to grow and develop postnatally as the axons extend and 

branch along with maturation of their neurochemical properties and synapses ( 18). 

Sparrow et al. report that the distal airways of infants who died of Sudden Infant Death 

Syndrome had increased ASM innervation and an abundant neural plexus ensheath the 

airways. It is thought that these axons play a role in the cough reflex through neural 

control of bronchoconstriction. In the mouse, we have determined that the postnatal 

innervation process appears most active around postnatal day 14 (Pl4) with little 

detectable increase after P21. 

The mammalian respiratory tract consists of the trachea and lungs and is innervated by a 

combination of intrinsic neurons, whose cell bodies reside within the lung, and extrinsic 

neurons, whose cell bodies are located in the central nervous system and nodose, jugular, 

and dorsal root ganglia (19,20,106). During axongenesis, neurogenic factors, including 

the glial cell-derived neurotrophic factor (GDNF) family and the nerve growth factor 
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(NGF) family, are required for the survival, development, and differentiation of 

peripheral afferent and efferent neurons (38,39,107,108). Studies on embryonic lung 

neurogenesis demonstrate that intrinsic neurons respond to the GDNF family including 

GDNF, neuturin, artemin, and persephin (104). The smooth muscle in the trachea and 

major bronchi express both GDNF and neuturin that likely function redundantly to 

support the development of intrinsic neurons. These intrinsic neurons form ganglia along 

the trachea and main bronchi and extend short axons to innervate nearby ASM (35). 

In contrast, the extrinsic neurons respond to the NGF family that includes NGF, brain­

derived neurotrophic factor (BDNF), and neurotrophins 3 and 4 (NT3 and NT4) (40). 

NGF, NT3, and BDNF have all been shown to be present in human lung tissue (109). The 

NTs are expressed by ASM to serve as target-derived chemoattractants, guiding the 

axons to form a neuromuscular junction with the ASM ( 40). These extrinsic neurons 

provide parasympathetic innervation to induce bronchoconstriction in the lung. In 

addition, the sensory afferents and sympathetic nerves from extrinsic neurons also 

regulate ASM contractility ( 1 06). 

Our previous work has shown that BDNF is required for embryonic ASM lung 

innervation. The BDNF knockout mouse is embryonic lethal, but early embryonic studies 

have shown that there is a loss of fine axons in the lung as well as an overall shortening 

of axons targeting the ASM ( 40). The BDNF protein expressed in the lung mesenchyme 

(precursor cells that develop into ASM) at El3.5 is temporally associated with axon 
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outgrowth also seen at day E13.5. At birth, BDNF protein levels decline as NT4levels 

increase postnatally. The protein levels ofNT4 also conespond to the plateau in 

innervation at P14 suggesting that NT4 may be an impmtant postnatal NT and that 

changes in innervation associated with allergen or viral exposure likely result following 

changes in NT expression. Both BDNF and NT4 signal through the transmembrane NT 

receptor, tyrosine kinase B (TrkB), implying that TrkB also plays a key role in 

innervation development of the lung. The TrkB systemic knockout mouse is perinatally 

lethal, but has been shown to have a decrease of lung innervation in both airway and 

vascular smooth muscle ( 42). 

Muscarinic receptors are acetylcholine receptors that potentiate neurotransmitter 

signaling. There are five muscarinic receptor subtypes, which belong to the family of 

seven transmembrane G-protein coupled receptors. Two of these have been associated 

with airway constriction in asthma models, M2 and M3 (111). Predominately, M3 

receptors are found on the ASM, while M2 receptors are found on parasympathetic 

nerves in the lung. The M2 receptors serve as a negative feedback mechanism to inhibit 

fmther acetylcholine release from the synapses. M2 is also expressed by the ASM but 

signals less dominant to M3. Murine studies have identified a down-regulatory response 

of M2 expression on ASM following house dust mite allergen challenge. Genetic and 

protein analysis demonstrated that the M3 gene and protein were significantly down­

regulated in C57B6 mice, as compared with Balb/c mice (112). This is consistent with the 

finding that bronchoconstriction is greater in Balb/c mice. Conversely, the use ofM3 
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antagonists in allergic asthma models has demonstrated inhibition of airway constriction 

(113). 

2.4 Effects on innervation with early allergen exposure 

Allergen exposure in a lung that is still undergoing developmental changes has a higher 

likelihood of effecting petmanent changes compared to allergen exposure in a mature 

lung. The development of peripheral sensory neurons is dependent on the appropriate 

timing and quantity ofNT secretion. This creates a critical developmental window for 

infants where disruption of the normal NT secretion process could lead to irreversible 

changes in lung innervation, which is associated with greater risk of asthma development. 

Allergen exposure within this window increases production ofNTs leading to an increase 

in lung innervation. The highly innervated airways are more prone to constriction. Data 

from several different models of asthma have indicated that early exposure to allergen, 

ozone, or tobacco smoke alters innervation that is highly correlated with development of 

asthmatic responses, ·detected even in older animals. In particular, Plopper et al. report 

that exposure of rhesus monkeys, in the first several months of life, to ozone and/or house 

dust mite allergen (HDMA) produced extensive airway remodeling including reduction in 

the number of airways, hyperplasia of the bronchial epithelium, increase in mucous cell 

number, changes in ASM abundance and orientation, basement membrane thickening, 

and reorganization of the airway vascular and immune system (114-118). Kajekar et al. 

demonstrate that, in infant macaques, repeated exposures ofHDMA and/or ozone 

exposure from 1 to 5 months of age caused an initial decrease in nerves innervating the 
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epithelium in the midlevel intrapulmonary aitways (69). When the animals were allowed 

to recover for 6 months in the absence of further ozone or HDMA exposure they 

observed persistent hyperinnervation of the pulmonary epithelium (69). This suggests 

that early loss of innervation following allergen exposure, in the primate, leads to an 

adaptive process resulting in restoration of innervation beyond pre-challenge levels. The 

mechanism for the initial decrease in innervation has not been identified; however, 

subsequent hyperinnervation is detected within one year of life and persists into 

adulthood. The hyperinnervation is likely associated with persistent proliferative 

mechanisms, such as NTs, that are delayed in generation. Our studies demonstrate some 

similarities with these findings. We use neonatal WT mice, which are exposed to 

ovalbumin (OVA) on days 5, 10, and 18-20 or cockroach extract on days 5, 10 and 15 

post-birth. We have determined that at day P21 there is increased ASM innervation and 

that these mice exhibit increased baseline airway resistance, demonstrating a similar 

persistence in hyperinnervation to that in ptimates. 

Based on studies that identify essential neurogenic signals for lung innervation, it is 

likely that altered NT expression in developing neonatal lungs may lead to changes in 

ASM innervation and long-te1m influence on ASM function. Consistent with this notion, 

NGF and BDNF have both been shown to be increased in the bronchoalveo1ar lavage 

fluid of infants with RSV infection (119). Neonatal rats exposed to ozone had an increase 

in substance P (sub. P) containing nerve fibers (4,120). Infant monkeys exposed to ozone, 

house dust mite antigen, or both all had reduced lung innervation and function however 

20 



repeated exposures led to de novo development of Protein gene product 9.5 positive cells 

(121 ). In our model of OVA-induced allergic asthma in neonatal mice, there was an 

increase in ASM innervation. NT4 protein expression was also increased with OVA 

treatment, suggesting that allergen exposure increases NT4 production to increase lung 

innervation. The effects of allergen exposure on increasing innervation, however, are 

limited to the early postnatal period. When adult mice are challenged with OVA allergen 

at eight weeks there is no detectable change in levels of innervation, despite increases in 

NT production. A similar situation exists in the primate and mouse where early postnatal 

exposure to tobacco leads to long-term increases in lung innervation, while late postnatal 

tobacco exposure does not elicit changes in innervation (69,122). The increase in NTs 

without increased evidence of innervation in the adults indicates that the developmental 

window is regulated by neuronal responses and not by restricted production of NT 

factors. These data also highlight the notion that susceptibility to hyper-innervation 

appears to be particularly prevalent in the developing lung. 

2.5 Asthma persistence into adulthood 

Asthma is a chronic disease that appears to result from a number of coexisting conditions. 

Given genetic predisposition, the process is initiated early in life with allergen exposure. 

Based on animal studies, low level exposures for extended periods of time are required to 

trigger both neurological and inflammatory responses. The neuronal response is 

characterized by an increase in innervation, which in a number of animal models, persists 

into adulthood. Our studies demonstrate that increased innervation is associated with a 

baseline increase in airway resistance in the neonatal mouse, which persists well into 
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adulthood. This is consistent with a number of birth-cohort studies demonstrating that 

over 70% of young adults with asthma had episodes of wheeze by age six. Childhood 

rhinovirus and RSV infections are also strongly associated with development of wheeze 

early in life and with development of asthma later in life. Recent studies report that 

children with high risk factors for asthma with confumed rhinovirus infections before age 

3 are 10 times more likely to develop asthma later in life (123-125) and reviewed in (56). 

These studies also demonstrate that children with confitmed cases ofRSV infection are 

four times more likely to develop asthma by age 6. This association between RSV 

infection and wheeze decreases beyond age 6 and is reported to be absent in children 13 

years and older. Allergen presence, such as cockroach antigen or HDMA, is typically 

ubiquitous in urban settings where asthma prevalence is higher. Therefore, it is difficult 

to separate viral contributions from allergen contributions to changes in innervation. It is 

conceivable that rhinovirus or RSV infection of the epithelium in the upper and lower 

respiratory tract leads to changes that affect innervation. The airway epithelium is a 

cellular source for NTs in the lung, and their production is induced during viral infections 

(126,127). It is clear that pathologic and permanent changes in the lung that are initiated 

by early life allergen and/or viral exposure. These changes appear, in particular, to affect 

the process of ASM innervation. Our mouse studies indicate that allergen exposure in the 

early postnatal period results in persistent hyper-innervation and increased baseline 

airway resistance but without airway inflammation; and that these changes are still 

present at three months of age. The maintained increase in baseline airway resistance 
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indicates a potential contributory factor to the persistence in asthmatic responses in 

adults. 

2.6 Conclusion 

Data from animal and clinical studies have indicated a strong correlation between early 

allergen or virus exposure and predisposition towards the development of asthma later in 

life. While a complete understanding of this mechanism is still lacking, it is becoming 

clear that pe1manent physiological changes occur following exposure that render a 

genetically predetermined individual more susceptible to develop asthmatic symptoms. 

The most notable change is an increase in airway innervation; coincident with elevated 

levels ofNT production, in particular NT4. Animal studies also indicate that there is a 

critical but definitive time frame where allergen or viral exposure affects innervation 

development, which appears to coincide closely with lung maturation. This concept 

provides an opportunity for therapeutic application of innervation inhibitors, which if 

given during that critical time period in development could reduce and/or delay the onset 

of asthma in older children. Even if treatments are not effective at preventing asthma 

development, delaying the onset of asthma by ten years may reduce the risk of relapse by 

approximately 70% (128). Additional studies are required to more fully elucidate the 

association of increased innervation with onset and persistence of asthma, and to better 

understand the cellular mechanisms involved in this process. 
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CHAPTER 3: A Shh/miR-206/BDNF cascade coordinates innervation and 

formation of airway smooth muscle 

3.1 Summary 

Dysfunctional neural control of ai1way smooth muscle (ASM) is involved in 

inflarnrnatmy diseases, such as asthma. However, neurogenesis in the lung is poorly 

understood. This study investigates developmental mechanisms of ASM innervation, a 

process that is highly coordinated with ASM formation during lung branching 

morphogenesis. We show that brain-derived neurotrophic factor (BDNF) is an essential 

ASM-derived signal for innervation. Although BDNF rnRNA expression is temporally 

dissociated with ASM formation and innervation, BDNF protein is coordinately produced 

through post-transcriptional suppression by miR-206. Using a combination of chemical 

and genetic approaches to modulate sonic hedgehog (Shh) signaling, a pathway essential 

for lung branching and ASM formation, we show that Shh signaling blocks miR-206 

expression, which in tum increases BDNF protein expression. Together, our work 

uncovers a functional cascade that involves Shh, miR-206 and BDNF to coordinate ASM 

formation and innervation. 

3.2 Introduction 

The respiratory tract, which consists of the trachea, bronchi and lung, is innervated by 

two types of neurons that are distinguished by the location of their cell bodies. Intrinsic 

neurons have cell bodies clustered along the smooth muscle stripe in the trachea and 
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major bronchi (19,24,129-131). These neurons have short axons that innervate nearby 

targets (35). In contrast, cell bodies of extrinsic neurons are located in jugular/nodose 

ganglia, dorsal root ganglia, and sympathetic ganglia, while their axons extend into the 

lung to innervate ASM and neuroendocrine cells (13,132). 

Neural innervation of the respiratory tract plays a key role in physiological reflexes, such 

as coughing, and regulates smooth muscle tone (13,133). In addition, neural inputs to 

neuroendocrine cells may be involved in regeneration of airway epithelium after injury 

(134). Furthermore, changes in innervation are associated with the development of 

airway diseases (75,135,136). 

Our previous studies demonstrate that the glial cell line-derived neurotrophic factor 

(GDNF) family is essential for intrinsic neurogenesis (24). Intrinsic neurons not only 

respond to members of the GDNF family in culture, they also require GDNF family for 

survival, as the number of intrinsic neurons is diminished by genetic disruption of GDNF 

family signaling (24,137). In contrast, ASM innervation in the distal lung remains 

unaffected in GDNF family mutants, indicating that the lung is primarily innervated by 

extrinsic neurons that require a different neurogenic signal. Sonic hedgehog (Shh) 

signaling is required at the tip of lung bud for branching and in the stalk to induce 

mesenchyme specification into ASM (1,138). 
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Shh is expressed in the lung epithelium and signals to the neighboring mesenchyme by 

binding to its receptor Patched. Upon binding, Shh triggers a cascade of signaling events 

that involves activation of Smoothened, transcription factor Glis, and expression of target 

genes, such as Gli1 and Patched-1. 

Around E12.5, which is before the appearance of the early smooth muscle marker, ex­

smooth muscle actin (cxSMA), in the lung buds, axons are primarily located within the 

major bronchi but do not extend into the lung (19,24). At El3 .5, axons extend into the 

distal lung and are found in approximation with developing ASM. Axons continue to 

grow and elaborate into a complex neural network during later embryonic stages (19). 

The temporal and spatial coupling between axon outgrowth and ASM formation suggest 

that an ASM-derived neurotrophic factor coordinates these two processes. 

Here, we investigate molecular mechanisms that coordinate ASM innervation and 

formation. We identified brain-derived neurotrophic factor (BDNF) as an essential ASM­

derived trophic factor for innervation and uncover a functional interaction between Shh 

signaling and BDNF expression via miR-206. 

3.3 Materials and Methods 

3.3.1 Mice 

Dermo1-Cre line (stock number: 008712), Rosa(SmoM2) line that carries the constitutive 

active SmoM2 allele in the ROSA26locus (stock number: 004339), BDNF1-line (stock 
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transfected with the psiCHECK-2_BDNF 3'UTR and miR-206 using Fugene 6 

transfection reagent (Roche) and luciferase activity was measured by dualluciferase 

assay following manufacturer's protocol (Promega). 

miR-206 was cloned by PCR using following primers: 

forward primer: 5'GGACTAGTGGTCCTTGATCTCAGACTGAA 3' 

reverse primer: 5' GGACTAGTAGCCATATGAGCAGAGGAA 3' 

3.3.6 miRNAarray 

Aff)rmetrix GeneChip miRNA Array was used for miRNA profiling in control and 

cyclopamine treated lung organ cultures. Experiments were performed in triplicate, and a 

two-sample t-test was performed to identifY up-regulated miRNA expression in 

cyclopamine treated cultures. 

3.3. 7 In situ hybridization 

BDNF mRNA and miR-206 in situ hybridization was performed on 15 J.lm frozen 

sections using digoxigenin-labeled antisense RNA probe and LNA probe (Exiqon), 

respectively. The detailed protocol was described previously (141,142). To generate 

antisense probe for BDNF, a 126 bp DNA fragment was cloned into pGEM-T vector 

(Promega) after qPCR using following primers: 

BDNF-F: 5' CCACTGCCGGGGATCCGAGA 3'; 

BDNF-R: 5' TTTCATGGGCGCCGCCTTCA. 

3.3.8 Western blot analysis 

Embryonic lungs were homogenized in RIP A buffer containing proteinase inhibitor 
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(Roche Diagnostics) using PowerGen 125 (Fisher Scientific, Pittsburg, P A). Celllysates 

were collected and mixed with equal volume of 2X Laemmli Buffer. Proteins in the cell 

lysate (20 Jlg) were separated by NuPAGE® Bis-Tris gels (12%, Invitrogen) before 

transferring onto Hybond-ECL nitrocellulose membrane (Amersham Biosciences). 

Membranes were blocked with 5% BSA for an hour and incubated with primary 

antibodies (rabbit anti-BDNF (1 :500, H-117, sc-20981), rabbit anti-GAPDH (I: 100,000, 

Ab8245, Abeam)) in 2.5% BSA overnight at 4°C. After washing, the membrane was 

incubated in the secondary antibody followed by detection with ECL reagents. 

3.3.9 Statistical analysis 

The Student's t test was used for all analyses. Data were presented as the average and 

standard e1ror of a minimum of 3 independent experiments. 

3.4 Results 

3. 4.1 BDNF is required for ASM innervation. 

The nerve growth factor (NGF) family plays essential roles in neural innervation of target 

tissues (38,143). To identify neurotrophic factors that are required for ASM innervation, 

we characterized the expression of the NGF family in the embryonic lung. We found that 

BDNF was expressed selectively by ASM and vascular smooth muscle cells at El4.5, 

while NGF and neurotrophin 3 (NT3) were not detected (Fig. 3.1 A). Neurotrophin 4 

(NT4), which binds to the same high affinity TrkB receptor as BDNF, is also expressed 

by ASM but is restricted to proximal airways (Fig. 3.1 A). The expression ofBDNF and 
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3.4.2 BDNF expression is regulated post-transcriptionally. 

To determine whether BDNF expression is temporally associated with axon outgrowth, 

we analyzed BDNF protein level in the lung between E11.5 and E15.5 by Western blot 

analysis. BDNF protein is undetectable until El2.5, when aSMA expression or axon is 

also not detected in the lung mesenchyme (19,24). At E13.5 , BDNF protein is detected in 

the lung, and the level peaks around E14.5 (Fig. 3.2 A,B). Therefore, BDNF protein 

expression is temporally coordinated during ASM fmmation and initiation of axon 

outgrowth into the lung. 

The dynamics of BDNF mRNA expression differ from those of the protein in the 

developing lung. qPCR assays showed that BDNF mRNA is detectable as early as E11.5. 

The relative level of BDNFmRNA is reduced at E14.5 and E15.5 compared to earlier 

embryonic stages (Fig. 3.2 C). We confirmed BDNF mRNA expression in the lung 

mesenchyme at E12.5 and ASM at El3 .5 by in situ hybridization (Fig. 3.2 D). The 

dissociation between the time course ofBDNF protein and mRNA expression suggests 

that a post-transcriptional mechanism represses BDNF protein production prior to the 

formation of ASM and innervation. 
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3. 4.3 Shh signaling promotes BDNF expression via a post-transcriptional mechanism. 

Shh signaling is required for ASM development (144,145). We assayed Shh signaling 

activity in the embryonic lung by X-gal staining of a reporter Ptcl;LacT line (146). Shh 

signaling is active in the lung mesenchyme at E12.5, before o:SMA expression, and 

persists in ASM up to El6.5 (Fig. 3.3 A) (147). Based on our finding that BDNF protein 

expression is temporally associated with ASM formation (Fig. 3.2 A), we speculated that 

Shh signaling may regulate BDNF expression. To test this hypothesis, we perturbed the 

Shh signaling activity by small molecule compounds and assessed the effect of these 

perturbations on BDNF expression in lung organ cultures. Lungs were dissected from 

E11.5 embryos and cultured in an air-media interface for 48 hr before protein and total 

RNA were extracted for Western blot analysis and qPCR. Compared to the DMSO 

control, treatment with cyclopamine (Cycl, 0.5 J.tM), which blocks Shh signaling (Fig. 3.3 

B,C), diminished BDNF protein level by more than 7-fold (Fig. 3.3 D). In contrast, 

treatment with the Shh signaling agonist SAG (1 J.tg/ml) (Fig. 3.3 B,C), increased BDNF 

protein level by 4.8-fold compared to controls (Fig. 3D). However, BDNF mRNA levels 

were not significantly affected by these treatments (Fig. 3.3 E), suggesting that Shh 

signaling post-transcriptionally induces changes in BDNF protein expression. This 

observation, together with the previous fmding of temporally dissociated BDNF protein 

and mRNA expression (Fig. 3.2), suggest that Shh signaling functions to release post­

transcriptional inhibition of BDNF expression in ASM. 
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miRNA Fold of change 
miR-125b-3p 2.11 

miR-694 4.44 
miR-206 7.51 
miR-697 8.26 

miR-764-SQ 9.23 

Table 3.1 miRNAs whose expression was induced by cyclopamine treatment in lung 
organ cultures. 

Embryonic lung organ cultures were treated with DMSO control or 0.5 f!M cyclopamine 
for 48 hr followed by RNA isolation and miRNA profiling. miRNAs with more than 2-
fold increase in expression by cyclopamine and greater with a p<0.05 were considered 
significant. 
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the 3' end of the firefly luciferase eDNA. Luciferase reporter assays were performed in 

293T cells that were cotransfected with the luciferase construct and a lentiviral miR-206 

expression vector. A mutant miR-206, that has the deleted 6-bp seed sequence (rniR-

206mut) and therefore can no longer bind to mRNA, was used as a control. Compared to 

miR-206mut, miR-206 reduced the luciferase activity by 5-fold, indicating that miR-206 

is a direct post-transcriptional repressor ofBDNF expression (Fig. 3.5 A). 

To test the role ofmiR-206 in regulating BDNF expression in vivo, we compared BDNF 

mRNA and protein levels in the lungs of wild type and miR-206_1
_ embryos. miR-206 

deficiency had no effect on lung morphogenesis or ASM development (140), based on 

histology and o:SMA immunolabeling (Fig. 3.5 B). However, compared to wild type 

lungs at El4.5, the level ofBDNF protein is almost doubled in miR-206_1
_ lungs (Fig. 3.5 

C,D), while BDNF mRNA level is not changed (Fig. 3.5 E). This is consistent with a role 

ofmiR-206 in post-transcriptional repression ofBDNF expression. We assessed the 

effect of elevated BDNF levels on ASM innervation in miR-206_1
_ embryos by 

immunolabeling. Whole-mount immunostaining of the left lobes with the TuJl antibody 

showed increased axon branching in miR-206-1-lungs, as compared to wild type controls 

·(Fig. 3.6 A). In addition, we observed significantly increased ASM innervation density at 

El4.5 quantified based on immune-labeled mid lung sections with the o:SMA and TuJl 

antibodies (Fig. 3.6 B). Further, miR-206 deficiency may affect ASM innervation by 

affecting the expression ofBDNF or other target genes. To test whether 
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triggers the binding of their downstream factors, Smads, to the miR-206 precursor, which 

in tum blocks processing of the miR-206 precursor into its mature form (152,153). These 

fmdings suggest the possibility that Shh signaling, which activates BMP signaling in the 

lung mesenchyme (154,155), may indirectly block maturation ofmiR-206. 

Results of our luciferase assays demonstrate that miR-206 directly binds to the BDNF 

3 'UTR to block BDNF expression. However, a previous study proposed an indirect role 

ofmiR-206 in silencing BDNF expression (156). In that study, over-expressed miR-206 

potently reduced BDNF protein levels in C2C 12 myoblast cells but had little effect on the 

luciferase activity (156). To explain this discrepancy, we compared BDNF 3'UTR 

sequences tested in both luciferase assays. Our study tested a 1.5 kb fragment that 

contains all 3 miR-206 binding sites, while a 1.0 kb fragment tested by the other group 

contained partial BDNF coding sequences and only one miR-206 binding site within the 

3'UTR closest to the stop codon (156). The difference in cloned BDNF 3'UTR sequences 

likely explains discrepant results between the two luciferase assays. It also suggests that 

one miR-206 binding site in the BDNF 3 'UTR may be insufficient for miR-206 

suppression. Interestingly, multiple BDNF mRNA variants are expressed due to different 

promoters, alternative splicing and multiple poly-A sites (157,158). The possibility that 

BDNFmRNA variants with differences in miR-206 binding sites at 3'UTR are 

differentially regulated by miR-206 adds further potential complexities to BDNF 

expression, regulation, and function. 
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The essential role of neurotrophins in ASM innervation during embryonic development 

may provide insights into pathogenic changes in innervation in airway diseases (70, 159). 

It has been reported that the levels ofNGF family members, such as NGF, BDNF and 

NT4, are elevated in bronchial lavage fluid of patients with inflammatory airway 

diseases, such as asthma (119,160). It is possible that changes in neurotrophin expression 

leads to alterations in ASM innervation, thereby playing a role in airway hyper-reactivity. 

If true, blockade of neurotrophin signaling may provide a novel approach to treat asthma. 
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CHAPTER 4: An NT4/TrkB-dependent increase in innervation links early-life 

allergen exposure to persistent airway hyper-reactivity 

4.1 Summary 

Asthma is an inflammatmy airway disease whose clinical hallmark is hyper-reactive 

airway smooth muscle (ASM). Children who are exposed to environmental insults often 

develop asthma into adulthood. However, little is understood about the long-term impact 

of early childhood insults on airway stmcture and function. Using a mouse model of 

ovalbumin (OVA)-induced airway allergic inflammation, we showed that OVA 

sensitization and challenge in early life led to increased ASM innervation and persistent 

airway hyper-reactivity (AHR). In contrast, OVA exposure in adult life elicited short­

term AHR without affecting the level of innervation. We found that postnatal ASM 

innervation required neurotrophin 4 (NT4) signaling through its tyrosine kinase receptor 

TrkB, and that early-life OVA exposure significantly elevated NT4/TrkB signaling to 

increase innervation. Notably, genetic dismption and small molecule blockade of 

NT4/TrkB signaling in OVA-exposed pups prevented both acute and persistent AHR 

without affecting baseline airway function or inflammation. Furthermore, biophysical 

assays using lung slices and isolated cells demonstrated that NT4 was required for hyper­

reactivity of ASM induced by early-life OVA exposure. Together, our fmdings show that 

the NT4/TrkB dependent increase in innervation plays a critical role in altering the ASM 

phenotype during postnatal growth, thereby linking early-life allergen exposure to 

persistent airway dysfunction. 
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4.2 Introduction 

Asthma is a chronic inflammatory airway disease with increasing prevalence despite 

improved treatment. It is one of the leading causes of missed days from work and school. 

Patients suffering from this disease present common symptoms of airflow obstruction, 

wheeze, and cough. In asthma, the airway smooth muscle (ASM) undergoes profound 

phenotypic changes. These include hypertrophy, hyperplasia, and notably, hyper­

reactivity in response to non-specific and specific agonists, such as methacholine ( 161 ). 

Asthma typically presents early in childhood and often continues into adulthood (162-

164 ). Clinical data indicate that 80-90% of adults with chronic asthma have disease onset 

before age 5, and there is an association between severity of symptoms in childhood and 

persistence of asthma into adult life (162). In this context, a major risk factor for asthma 

is early-life exposure to environmental insults, including aeroallergens, ozone, cigarette 

smoke, and respiratory viral infection (161,163). As the lung continues to develop 

postnatally, early-life insults could have profound, long-term effects on ai1way structure, 

function, and disease susceptibility. In support of this hypothesis, recent studies in 

rodents show that peri- and neo-natal exposure to tobacco smoke and respiratory 

syncytial virus (RSV) leads to AHR later in life whereas late, postnatal exposure has no 

such effect (122,165). These findings indicate that the immature lung is more prone to 

long-term impairment by environmental insults than the mature, adult lung. However, 

little is known about the molecular nature and mechanisms of such impairment. 
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A growing body of evidence indicates a link between alterations in aitway innervation 

and asthma. Previous studies using peri- and neo-natal rodent models showed that 

environmental insults lead to changes in innervation by neuropeptide Y- and substance P­

containing axons, and these changes are associated with increased expression of nerve 

growth factor (NGF) and brain-derived neurotrophic factor (BDNF), respectively 

(166,167). NGF and BDNF, together with NT3 and NT4, belong to a neurotrophin (NT) 

family that has established roles in controlling neural innervation of target tissues (39). In 

addition to studies in rodents, changes in airway innervation have also been reported in 

infant rhesus monkeys that were exposed to ozone and house dust mite allergen (121). 

Furthermore, human infants with acute RSV infection, a risk factor of asthma later on 

(161,165), had high levels ofNGF and BDNF in their bronchoalveolar lavage fluid (119). 

Notably, high serum levels ofNT4 are positively correlated with asthma severity in 

children (168). These observations suggest that changes in NT expression and innervation 

by early-life environmental insults are associated with airway dysfunction. 

The mammalian airway is innervated by two distinct groups of neurons: the intrinsic 

neurons, whose cell bodies are located in the main bronchi, and the extrinsic neurons, 

whose cell bodies are located outside of the lung and extend their axons into the airways 

(6,133,169). We showed previously that the intrinsic neurons are dependent on the glial 

cell-derived neurotrophic factor for ASM innervation in the main bronchi (24). Only a 

few intrinsic neurons are located in the secondary bronchi with little to none in the distal 

lung of the mice (24). In contrast, the extrinsic neurons require ASM-derived BDNF to 
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