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Abstract

Obstructive airway disorders are common in infancy and early childhood. The leading example of such disorder is post-viral

wheezing, predominantly the well characterized disorder that follows respiratory syncytial virus (RSV) infection and leads

to intermittent, long-term wheezing. The underlying mechanisms of the airway reactivity related to RSV infection have been

extensively studies and are associated with dysregulation of the nonadrenergic-noncholinergic (NANC) system, via upregulation

of neurotransmitters, typically Substance P. Neuroendocrine hyperplasia of infancy (NEHI), while a less common entity, is a

disorder of infancy characterized by more severe and long-term obstructive airway disease. NEHI is pathophysiologically

characterized by abundance of neuroendocrine cells in the airways containing the neuroimmune mediator bombesin, the release

of which is presumed to be the driver of the persistent small airway obstruction and functional air-trapping. Here we review

the NANC and NEC neurotransmitter systems and their studied roles in pulmonary diseases with a focus on their role in

lung development, and subsequent various pediatric lung diseases. We focus on the juxtaposition of the separate neuroimmune

mechanisms underlying the pathogenesis of post-RSV recurrent wheezing and NEHI persistent small airway obstruction. We

finally raise the question whether substance P is indeed specific to post-RSV infection and bombesin to NEHI and then propose

a unifying concept of post-viral spectrum of respiratory disorders that may encompass these two entities and possibly others.

Introduction

In infancy and early childhood neuropeptide released by nonadrenergic and noncholinergic (NANC) nerves
and by neuroendocrine cells (NEC) are thought to play a significant pathogenetic role in lung diseases char-
acterized by airflow limitations1,2. A common disorder in pediatric practice is early-childhood bronchial
obstruction which, when transient and intermittent, is largely attributed to respiratory viruses3,4 . Predomi-
nant amongst those involved in the first respiratory infection and underlying long-term wheezing is respiratory
syncytial virus (RSV). The pathogenetic mechanisms inducing airway instability after RSV bronchiolitis are
attributed to neuroimmune inflammatory processes, at least in part related to upregulation of the tachykinin
neuropeptide substance P (Sub P) and of its receptors neurokinin (NK)12,5,6. A different disorder of infancy,
associated with persistent airflow limitation, is neuroendocrine hyperplasia of infancy (NEHI). This entity is
classified as diffuse interstitial lung disease but is characterized physiologically by small airway obstruction,
and almost never associated with structural changes or signs of inflammation 7. NEHI also is presumed to
be driven by a neuroimmune mediator, bombesin, released by pulmonary NEC 7. During the early stage of
embryonic development, NEC play a key role in growth and differentiation whilst, at the time of birth, act
as airway O2 sensors involved in neonatal adaptation to extrauterine life3,7,8. In infancy and early child-
hood, through the release of neurotransmitters, NEC are thought to be have a role in the pathogenesis of
a variety of other airway disorders, including pulmonary hypertension (PH), bronchopulmonary dysplasia
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(BPD), sudden infant death syndrome (SIDS), congenital central hypoventilation syndrome (CCHS) and
cystic fibrosis (CF)9. The aim of this manuscript is to briefly review and discuss the commonality and the
differences among these entities driven by neuroimmune mechanisms, with a focus on RSV bronchiolitis and
NEHI and propose a unifying paradigm between these two distinct entities.

NANC and NEC neurotransmitters

The NANC system

The complex interplay among efferent and afferent autonomic nerves in the regulation of many aspects of
airway functions is beyond the scope of this paper 10. Briefly, in addition to being regulated by the classical
cholinergic bronchoconstrictor and adrenergic bronchodilator neural pathways, bronchial smooth muscle tone
is also modulated by NANC nerves, which can be either inhibitory (i-NANC) or excitatory (e-NANC) (figure
1)10,11. Excitatory NANC-mediated bronchoconstrictor responses are believed to be under the control of a
subpopulation of non-myelinated C-fibers, primary afferent neurons which release neuropeptides such as Sub
P, neurokinin A and B and the calcitonin gene-related peptide. In addition to bronchoconstriction, these
neurotransmitters can cause mucus secretion, bronchial artery dilatation and postcapillary venule leakiness,
processes called “neurogenic inflammation” 11-13. The excitatory NANC system is thought to play a role
in allergic and nonallergic asthma, in allergen-induced bronchoconstriction and, as follows below, in the
pathogenesis of RSV infection in young children5,14.

The pulmonary NEC system

The pulmonary NEC system consists of solitary cells and distinctive clusters of these cells, termed neuroep-
ithelial bodies (NEB), localized in the airway epithelium 3. Pulmonary NEC express a variety of bioac-
tive substances, including amines (serotonin and 5-HT) and neuropeptides (calcitonin gene-related peptide,
gamma-aminobutyric acid, vasoactive intestinal polypeptide and bombesin). Pulmonary NEC/NEB are
found in all fetal stages, at which time they are intimately involved in the regulation of lung development
3,9,15. In fetal life, physiological hypoxia and mechanical stretch caused by fluid dynamics in the airway lu-
men upregulate pulmonary NEC functions, promoting epithelial cell proliferation, branching morphogenesis
and type-II pneumocytes differentiation15. Mechanical-stretch-induced 5-HT release from NEC is mediated
by mechanosensitive channels, independent of the exocytic pathway. In contrast, hypoxia-induced secretion
of 5-HT and of neuropeptides occurs principally via classical exocytosis of dense core vesicles, a process
mediated by voltage activated Ca++ channels without apparent involvement of mechanosensitive channels 3.
After birth, pulmonary NEC decrease and often disappear with lung maturation by 1-2 years of age 15. This
may not be the case in conditions of pathology, such as pediatric PH, BPD, SIDS, CCHS and CF 3,15-18.
Acute or persistent hypoxia and injury to the airways, features of some of these disorders, are recognized
stimuli that can activate pulmonary NEC inducing release of bioactive neuropeptides, such as bombesin,
which can modulate lung damage, as shown in premature infants with BPD, or trigger smooth muscle
contraction, as shown in NEHI 3,9,15-18. In this latter disorder, a predominant abundance of pulmonary
bombesin-positive NEC in small airways and distal bronchiole has been described as the characteristic find-
ing 18-20. A bombesin-induced airflow limitation at that level is consistent with the clinical presentation, i.e.
small airway obstruction and air-trapping7,18.

Neuroimmune regulation of viral respiratory infection in infancy

Respiratory viruses, predominated RSV, are the leading cause of acute lower respiratory tract infections in
infancy and the prime cause of hospitalization in this age population in developed countries21,22. Primary
infection at a young age plays a pivotal role in the severity of acute disease and in subsequent recurrent
wheezing, peaking in infants aged <3 months21,23,24. The interplay RSV-host is complex and involves cells
of the innate and adaptive immune systems, whose excessive activation may induce significant cytopathic
effects to the airways24,25. RSV infection-induced injury leads to bronchoconstriction, airway inflammation
and edema. The multifaceted mechanisms provoking RSV-induced airway inflammation and hyperreactivity
are still only partially understood but there is evidence that dysregulation of the NANC system is involved,
favoring the bronchoconstrictive and pro-inflammatory effects of tachykinin peptides, exemplified by Sub P,
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against the bronchorelaxant effect of vasoactive intestinal peptide (VIP) 2. RSV upregulates the expression
of nerve growth factor (NGF) and of its p75 neurotrophin receptors in target cells 25. NGF acts as promoter
of acetylcholine release and as signaling molecule to induce the production of Sub P, that persists after
RSV clears from the lungs2,14,25 (figure 2A). Hence, the decreased threshold of excitatory NANC activation
results from the upregulated Sub P/NK1 axis and likely underlies long-term airway dysfunction and recurrent
inflammation and hyperresponsiveness 25,26. The long-lasting sequelae of the early-life RSV infection can
also be explained by the observation that the upregulated NGF also leads to short- and long-term changes
in the distribution and reactivity of sensory nerves across the respiratory tract, enhancing the exaggerated
functional and inflammatory reactions to infections14,24,25. The possible role of neuropeptides in induction of
early childhood disorders characterized by recurrent wheeze in other early viral infections, such as Rhinovirus,
has not been evaluated or reported.

NEC involvement in the pathogenesis of childhood disorders

As previously mentioned, abnormalities in the number, distribution and function of pulmonary NEC have
been documented in a number of different pediatric lung disorders that include PH 3,18. In normal lungs the
relative density of nerve fibers increases during childhood in the arteries of the respiratory unit. In pediatric
PH, a premature innervation of these arteries by nerve fibers occurs and associated with release of vasocon-
strictor peptides during the first year of life15,27. Pulmonary NEC may be involved in the pathophysiology
of PH through the production and release of 5-hydroxytryptamine 5-HT, a potent vasoconstrictor, whose
release is amplified by hypoxia 3,16. PNEC are situated in small peripheral airways and at bronchoalveolar
portals, in close proximity to pulmonary arterioles that are involved in hypoxia induced vascular resistance
3. To date there are no studies of pulmonary NEC in pediatric PH, however, immunohistochemical studies
of lungs from adult patients with PH, both primary and secondary to congenital heart disease, revealed
significant hyperplasia of these cells in early stages of the disease 28. Significant hyperplasia of pulmonary
NEC has been described in infants with SIDS and CCHS, disorders characterized by dysfunction of res-
piratory control, and in the “pre-surfactant era” BPD, possibly related to chronic hypoxia and/or release
of mitogenic inflammatory cytokines release of inflammatory cytokines that could stimulate the mitogen-
esis of PNEC/NEB directly or enhance recruitment from precursor cells3,15,29,30. The increased release of
bombesin-like peptides (BLP) by pulmonary NEC in BPD has been attributed to the lung inflammatory
response observed in this disorder but also questioned as a response to lung injury3,31,32. Increased levels of
BLP are detectable in urine of infants with BPD that exhibit a variety of physiological abnormalities, includ-
ing pulmonary hypertension, airway hyperreactivity, and increased apneic spells 33. Finally, in CF reduction
in neuropeptides secretion by CFTR-deficient NEC could exacerbate the disease process by negatively af-
fecting composition of periciliary fluid, and eventually leading to airway plugging and obstruction 3,34. A
recent study on lung tissues from CFTR / deficient mice, showed altered distribution and frequency of pul-
monary NEC/NEB, abnormal innervation with reduced airway size during different developmental stages,
suggesting an intrinsic abnormality 17. Through potentiating cholinergic neurotransmission, neuropeptides
can act on bronchial smooth muscle, mucosal vasculature and submucosal glands and induce airflow obstruc-
tion and by promoting recruitment and activation of granulocytes, exacerbate neurogenic inflammation35,36.
Pulmonary NEC may play a proinflammatory role via production of neuropeptides in these pathologies and
possibly, as will be reviewed in the next two paragraphs, in respiratory virus-induced airway diseases. These
latter disorders are characterized by inflammation, release of oxygen radicals, injury to airway structures,
and, clinically by acute hypoxia, all stimuli that can activate pulmonary NEC causing release of bioactive
neuropeptides16-18,25,30.

NEHI

Since first described, NEHI has gained its place as a distinct entity amongst rare causes of infantile diffuse
lung disease37. NEHI clinically presents with persistent tachypnea, retractions, crackles, and hypoxemia
and physiologically as small airway obstruction evidenced by reduction of FEF75, FEF85, and FVC38-40.
Symptoms are not detectable at birth but usually present before 12 months (mean: 4 months, interquartile
range = 2-6 months) 41. Remarkable in their absence are prematurity, evidence of pulmonary dysmatura-
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tion, underlying causes of diffuse lung disease, congenital heart disease, or genetic characteristics 3,39,40,42,43.
However, a recent review on 117 NEHI children demonstrated that 17% of them had evidence of immune
system abnormalities including low immunoglobulin (Ig)G and IgA levels, low complement 3 concentrations,
and cyclic neutropenia of infancy41. Steroids and bronchodilators show no effect in NEHI and the sole ef-
fective element of supportive care is supplemental oxygen. While resolution is predictable and spontaneous,
disease duration often lasts years 39,44. Chest x-ray findings are non-specific. However, high-resolution CT
scans display characteristic findings of ground glass opacities, involving more than one lobe, and air-trapping.
These changes are deemed diagnostic and have largely replaced lung biopsy for the diagnosis40,42,44,45. Bron-
choscopy reveals no structural changes or inflammation. Lung biopsy, the standard diagnostic method for
diffuse interstitial lung diseases, shows a paucity of airway or parenchyma abnormalities, no inflammation,
but characteristically, increased bombesin positive NEC cells in bronchioles and alveoli3,18,39,40,42,44. The
positive correlation between pulmonary bombesin-positive NEC density and small airway obstruction severity
suggests that bombesin plays a causative role in the pathophysiology of NEHI 39,40. Finally, bronchoalve-
olar lavage in NEHI revealed low white blood cell counts and decreased inflammatory markers, paralleling
lung biopsy findings of sparse inflammation46. Hence, despite the positive correlation between the load of
pulmonary NEC and severity of obstruction, a discrepancy remains between abundant pulmonary NEC and
paucity of inflammation and histological abnormalities, as compared to BPD and other conditions with in-
creased pulmonary NEC. An alternative explanation for NEHI proposed by recent publications, suggests that
pulmonary neuroendocrine cells are a marker of airway underdevelopment and immaturity 18,19,43 and per-
sistence of bombesin is shared in postnatal life by a variety of infantile pathologies.18 Due to low prevalence
and lack of animal models, the etiology and pathophysiology of NEHI remain elusive.

The post-viral infection disorder spectrum speculation.

A striking pathophysiological commonality between post-RSV pulmonary dysfunction and NEHI is the up-
regulation of neurotransmitters. As described above, during and after RSV lower respiratory tract infection
airway hyperresponsiveness, increased vascular permeability and neurogenic inflammation are largely at-
tributed to substance P and its upregulated NK1 receptor (figure 2A). In NEHI, bombesin is thought to be
involved in the pathogenesis of small airway obstruction but may also play a protective role against noxious
agents, such as respiratory viruses (figure 2B and table 1). The hypothesis that viral infections might un-
derlie NEHI is supported by Gomes et al., reporting viral infection preceding the onset of clinical symptoms
in all infants in a large NEHI case series 44. While both bombesin and substance P are neurotransmitters,
and intuitively could have similar functional roles, bombesin is viewed as the marker of NEHI while Sub P
has not been studied in NEHI. The reverse has been the case for post-RSV wheezing models, where sub-
stance P has been the extensively studied neurokinin and bombesin has not. In these and other disorders
characterized by airflow limitation it would therefore be interesting to evaluate a pathogenetic role of both
these neurokinins, as well as other “bronchoconstrictor” neuropeptides, such as the calcitonin gene-related
peptide that is known to be released by both NENC fibers and NEC47,48. Combined effects of substance P
and bombesin were found in pathologies such as rheumatoid arthritis and histamine-independent itch and
both neurokinins are secreted by neurons in other organ systems49-51. Both these respiratory entities have
airway obstruction as their main clinical presentation. This is more severe and long term in NEHI patients,
and often associated with persistent hypoxemia, but with symptoms improving over time, although non-
atopic asthma may develop in the follow-up42. While the presentation is milder in post-RSV wheezing, the
affected children have increased risk of bronchial hyperreactivity and asthma persisting into older ages52,53.
Physiologically, pulmonary function tests in post- RSV wheezing and NEHI showed similar obstructive pat-
tern (Table 1), except for consistent absent response to ?2-agonists in NEHI 20,42,52,54. Radiologic studies
in NEHI, in addition to the ground-glass opacification predominantly involving the right middle lobe and
lingula, indicate a mix of hyperinflation with collapsed areas, pointing towards small airway obstruction in
line with the clinical and PFT changes 38,45. These observations for NEHI suggest functional air-trapping,
i.e., increased tone of airway smooth muscle, much like that described in airway hyperreactivity post-RSV,
but with the distinction of being persistent, not intermittent and irreversible by bronchodilators. Fluctuation
of symptom severity over time in NEHI and patchy radiological distribution further point to functional vs

4
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. structural pathogenesis of NEHI. These data suggest that increased neurokinin activity is involved in the
pathophysiology of both conditions, with persistence thereof in NEHI, and oscillations in post-RSV wheez-
ing. Whether these differences veritably reflect a biological difference where the contribution of different
cells and the relative abundance of the two neurokinins, and possibly involvement of other neurotransmit-
ters, might play different roles in determining the characteristics of one entity or the other,vs. having been
serendipitously differentially researched in the two entities, is a matter of speculation. Genetic mutations
may be involved in the pathogenesis of both disorders. While in the cases of post-RSV wheezing, a “familial”
presentation may go unnoticed, or interpreted as being a marker of familial asthma, in NEHI, due to the
rarity of the disease, its severity and long-term morbidity, the condition may be clearly identified when it
affects multiple family members. NEHI familial cases are described and a heterozygousNKX2.1 mutation
has been identified in an infant with classic presentation of NEHI and in four other adult family members
with histories of childhood lung disease 55,56. This mutation strongly segregated with lung disease in this
family but not in eight others unrelated NEHI subjects, suggesting that altered expression of NKX2.1 tar-
get gene may be involved in pathophysiology of NEHI, but is not the predominant cause of the disease56.
Therefore, one may speculate that subjects with genetically determined or acquired autonomic pathway
defects may have a more profound response to a second hit (e.g., viral infection), as has been shown for the
predictable tendency to wheeze following rhinovirus infections based on genetics57. The recent observation
that a significant proportion of NEHI children may have evidence of immune system abnormalities support
the notion that defects in the immune response to infection might be involved 41.

These observations may point to a continuum of airway disease determined by an innate or acquired tendency
to respond to some hits (likely viruses) with a disproportionate response. In this context, that in post-viral
obstructive disease the severity of the response might be determined by an underlying genetic abnormality.
Alternatively, if one accepts the notion that the presence of bombesin is a marker of dysmaturity 18,19,43 the
fact that the presentation of NEHI is delayed beyond the neonatal period, points to the need for a second
hit for a clinical presentation to emerge. It is tempting to expand the hypothesis to include post-infectious
bronchiolitis obliterans (PIBO), a disorder where viral infection leads to severe structural airway damage58.
While discussion on PIBO has focused on adenovirus, recent literature expands the spectrum of underlying
organisms to include RSV as a possible trigger58. Neurokinins have not been studied in PIBO during the
acute or chronic phases, but along the lines of the discussion on “familial” cases of NEHI, some individuals
respond to adenoviral infections and develop PIBO, while most do not. An Argentinean study identified
children with PIBO as having mannose-binding lectin insufficiency, supporting the notion that a genetic
abnormality may determine severity of the response59. This innate tendency could be the unifying factor
that determines at which level on the spectrum - from wheezing to NEHI to PIBO - will individuals end
post viral infection.

Conclusion.

In infancy and early childhood neuropeptide released by nonadrenergic and noncholinergic (NANC) nerves
and by neuroendocrine cells (NEC) play a significant pathogenetic role in a wide variety of lung diseases.
An interesting observation is the different sequelae driven by two neuroimmune mediators, substance P
and bombesin, respectively in post-RSV wheezing and NEHI. It would be interesting to explore whether
these respective mediators are upregulated in both conditions, rather than specific to one or the other. The
finding of long-term persistence of RSV in bone marrow may indicate that while absent in the lung, the
virus’ long-term sequelae may be governed by persistent extrapulmonary immune activity. If one accepts
that NEHI may be a sequel of RSV or other viral infection, while cognizant of the limitations imposed by
absence of animal models of NEHI, it would be of interest to explore virus permanence in bone marrow of
such patients. Finally, if persistent neurokinin activity constitutes the underlying factor determining some
of these morbidities, blockers of these molecules may offer future specific therapeutic targets.
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Legends for Figures.

Figure 1. Bronchial smooth muscle tone is regulated by cholinergic bronchoconstrictor and the adrenergic
bronchodilator neural pathways, but also by NANC nerves, which can be either inhibitory (i-NANC) or
excitatory (e-NANC). E-NANC-mediated bronchoconstriction is under the control of a subpopulation of
non-myelinated C-fiber primary afferent neurons which release Sub P. Bronchial smooth muscle tone is also
increased by the pulmonary NEC cells, system localized in the airway epithelium that express a variety of
bioactive substances including the neuropeptides bombesin. Vasoactive intestinal peptide (VIP) counteracts
the bronchoconstrictive effect of Sub P and bombesin the bronchorelaxant, whilst norepinephrine (NE)
inhibits the release of acetylcholine by the vagus nerve.

Figure 2. A. During and after RSV lower respiratory tract infection airway hyperresponsiveness, increased
vascular permeability and neurogenic inflammation are largely attributed to substance P and its upregu-
lated NK1 receptor. B. In NEHI, bombesin is thought to be involved in the pathogenesis of small airway
obstruction, but is may also play a protective role against noxious agents, such as respiratory viruses.
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