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ABSTRACT Children who are exposed to environ-
mental respiratory insults often develop asthma that
persists into adulthood. In this study, we used a neona-
tal mouse model of ovalbumin (OVA)-induced allergic
airway inflammation to understand the long-term ef-
fects of early childhood insults on airway structure and
function. We showed that OVA sensitization and chal-
lenge in early life led to a 2-fold increase in airway
smooth muscle (ASM) innervation (P<0.05) and persis-
tent airway hyperreactivity (AHR). In contrast, OVA
exposure in adult life elicited short-term AHR without
affecting innervation levels. We found that postnatal
ASM innervation required neurotrophin (NT)-4 signal-
ing through the TrkB receptor and that early-life OVA
exposure significantly elevated NT4 levels and TrkB
signaling by 5- and 2-fold, respectively, to increase
innervation. Notably, blockade of NT4/TrkB signaling
in OVA-exposed pups prevented both acute and persis-
tent AHR without affecting baseline airway function
or inflammation. Furthermore, biophysical assays
using lung slices and isolated cells demonstrated that
NT4 was necessary for hyperreactivity of ASM in-
duced by early-life OVA exposure. Together, our
findings show that the NT4/TrkB-dependent in-
crease in innervation plays a critical role in the
alteration of the ASM phenotype during postnatal
growth, thereby linking early-life allergen exposure
to persistent airway dysfunction.—Aven, L., Paez-
Cortez, J., Achey, R., Krishnan, R., Ram-Mohan, S.,
Cruikshank, W. W., Fine, A., Ai X. An NT4/TrkB-
dependent increase in innervation links early-life
allergen exposure to persistent airway hyperreactiv-
ity. FASEB J. 28, 000–000 (2014). www.fasebj.org
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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 with asthma present common
symptoms of airflow obstruction, wheezing, and cough-
ing. In asthma, the airway smooth muscle (ASM) un-
dergoes profound phenotypic changes. These include
hypertrophy, hyperplasia, and, notably, airway hyperre-
activity (AHR) in response to nonspecific and specific
agonists, such as methacholine (1).

Asthma typically presents early in childhood and
often continues into adulthood (2–4). Clinical data
indicate that 80–90% of adults with chronic asthma
have disease onset before age 5, and there is an
association between the severity of symptoms in child-
hood and persistence of asthma into adult life (4). In
this context, a major risk factor for asthma is early-life
exposure to environmental insults, including aeroaller-
gens, ozone, cigarette smoke, and respiratory viral
infection (1, 3). As the lung continues to develop after
birth, early-life insults could have profound, long-term
effects on airway structure, function, and disease sus-
ceptibility. In support of this hypothesis, recent studies
in rodents show that peri- and neonatal exposure to
tobacco smoke and respiratory syncytial virus (RSV)
lead to AHR later in life, whereas late, postnatal expo-
sure has no such effect (5, 6). These findings indicate
that the immature lung is more prone to long-term
impairment by environmental insults than is the ma-
ture, adult lung. However, little is known about the
molecular nature and mechanisms of such impairment.

A growing body of evidence indicates a link between
alterations in airway innervation and asthma. Previous
studies of peri- and neonatal primate and rodent mod-
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els showed that environmental insults lead to changes
in innervation by neuropeptide Y- and substance P-con-
taining axons and that these changes are associated
with increased expression of nerve growth factor (NGF)
and brain-derived neurotrophic factor (BDNF), respec-
tively (7, 8). NGF and BDNF, together with neurotro-
phin (NT)-3 and NT-4, belong to the NT family, which
has established roles in controlling neural innervation
of target tissues (9). In addition, changes in airway
innervation have been reported in infant rhesus mon-
keys that were exposed to ozone and house dust mite
allergen (10). Furthermore, human infants with acute
RSV infection, a risk factor for asthma later in life (1,
6), have high levels of NGF and BDNF in their bron-
choalveolar lavage (BAL) fluid (11). Notably, high
serum levels of NT4 correlate positively with asthma
severity in children (12). These observations suggest
that changes in NT expression and innervation caused
by early-life environmental insults are associated with
airway dysfunction.

The mammalian airway is innervated by 2 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 (13–15). We have
shown that the intrinsic neurons are dependent on glial
cell–derived neurotrophic factor for ASM innervation in
the main bronchi (16). Only a few intrinsic neurons are
located in the secondary bronchi, with little to none in the
more distal part of the mouse lung (16). In contrast, the
extrinsic neurons require ASM-derived BDNF to inner-
vate ASM within the whole lung during embryogenesis
(17). In support of our findings, mice deficient in TrkB,
the tyrosine kinase receptor for both BDNF and NT4,
exhibit reduced ASM innervation (18). However, the
mechanisms controlling postnatal airway innervation have
not been established.

The crosstalk between the neuron and its target plays a
critical role in shaping the phenotypes of both the neuron
and the target (19–24). In relation to the smooth muscle
phenotype, we have shown in the esophagus that reduc-
tion in innervation in the embryonic stage causes pro-
found impairment of smooth muscle contractility in adult
life (21). Building on this well-established paradigm and
our findings regarding NTs in ASM innervation, we
speculated that early-life environmental insults alter air-
way innervation, which in turn alters the ASM phenotype,
leading to persistent AHR.

In this study, we used a mouse model of allergic
inflammation to investigate how allergen exposure dur-
ing early postnatal life affects airway function later in life.
We found that an increase in NT4/TrkB signaling func-
tionally links early-life allergen exposure to persistent
AHR by regulating the ASM phenotype.

MATERIALS AND METHODS

Mice

Wild-type (WT), NT4�/� (stock no. 002497), and NG2-dsRed
(008241) mice were purchased from The Jackson Laborato-
ries (Bar Harbor, ME, USA). The TrkB F616A/F616A (TrkBFA/FA)

line was kindly provided by Dr. David Ginty (Johns Hopkins
University, Baltimore, MD, USA; ref. 25). The �SMA-GFP
mice had a green fluorescent protein (GFP) gene expressed
under the control of the �-smooth muscle actin (�SMA)
promoter (26). All mice used were on a C57BL/6J back-
ground. All animal studies were approved by the Boston
University School of Medicine Institutional Animal Care and
Use Committee.

Neonatal allergic asthma model

Pups were sensitized by intraperitoneal injections of 10 �g
ovalbumin (OVA, A5503; Sigma-Aldrich, St. Louis, MO, USA)
in Imject alum (77161; ThermoScientific, Waltham, MA,
USA) on postnatal d 5 (P5) and P10, followed by three 10-min
challenges with 3% aerosolized OVA solution on P18, P19,
and P20. Control pups were challenged with PBS. The mice
were subjected to physiological assessment of airway function
with the FlexiVent apparatus (SciReq, Montreal, QC, Can-
ada) on P21. To block TrkB signaling in the TrkBFA/FA pups,
10 �l 1NMPP1 (25 �M) in 2% ethanol was delivered by
intraperitoneal injection, whereas control animals were in-
jected with 2% ethanol alone (25). For studies on TrkB-
dependent postnatal lung innervation, the pups received a
daily 1NMPP1 injection up to P14. To block overactivation of
TrkB in the OVA-exposed pups without affecting the normal
basal level of TrkB signaling, we injected TrkBFA/FA pups with
1NMPP1 daily between P11 and P20. A subset of OVA-
exposed WT and NT4�/� pups was allowed to grow into
adulthood, followed by physiological and histological assays at
8 wk of age.

Adult acute allergic asthma model

Adult mice at 3 mo of age were sensitized by intraperitoneal
injections of OVA protein (50 �g) in alum on d 0 and 7 (27).
The mice were challenged with aerosolized 2% OVA solution
for 20 min on d 14, 15, 16, 17, and 18 (27). The control mice
were sensitized with OVA, followed by a challenge with
aerosolized PBS. The mice were analyzed on d 19. For the
persistence group, mice were analyzed 2.5 wk (18 d) after the
last challenge.

ELISA

Blood and BAL fluid were collected from pups at P21.
OVA-specific IgE levels in serum were measured with ELISA
kits (M036005; MD BioProducts, Saint Paul, MN, USA). IL-13
levels in BAL fluid were assayed with another ELISA kit
(KMC2221; Life Technologies, Carlsbad, CA, USA).

Histology, �SMA staining, and quantification

Serial, sagittal, paraffin-embedded sections (5 �m) in the
middle of the left lobe of the lung were collected before
rehydration and PBS washes. Mucin staining was performed
with periodic acid-Schiff (PAS; kit 395B-1KTZ; Sigma-
Aldrich). ASM was immune labeled with an antibody against
�SMA (1:100, MS-113; ThermoScientific) and visualized with
DAB. Medium-sized airways were imaged with �40 bright-
field microscopy (Axioskop 40; Zeiss, Thornwood, NY, USA).
The �SMA density was calculated by dividing the �SMA� area
by the length of the basement membrane, measured with
Image J (U.S. National Institutes of Health, Bethesda, MD,
USA). A minimum of 12 airways from 3 mice, 4 airways/
mouse, were quantified and averaged for each treatment
group.
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Physiological measurement of airway reactivity

Measurement of airway resistance was performed with the
FlexiVent (27). Baseline airway resistance was measured after
airway delivery of nebulized vehicle, and similar measure-
ments were performed at increasing concentrations of nebu-
lized methacholine. Data are presented as normalized to
baseline level. After final measurements, the mouse was
disconnected from the ventilator for organ and body fluid
harvest.

BAL fluid counts

Mouse lungs were flushed for 30 s with 0.5 ml cold PBS for
P21 pups or 1 ml cold PBS for adults before BAL fluid was
collected. Total cell counts in BAL fluid were determined
with a hemocytometer. BAL fluid cells were pelleted, resus-
pended in 200 �l cold PBS, and spun onto a histology slide by
using Cytospin (ThermoScientific). The slides were fixed and
stained with Hema3 Stain (Fisher Scientific, Pittsburgh, PA,
USA). For differential cell counts, 200 cells were counted for
each sample, to determine relative abundance of different
immune cell types.

Fluorescent labeling and confocal microscopy

The right apical lobe of the lung was collected and fixed in
4% paraformaldehyde in PBS at 4°C overnight. After cryopro-
tection in 30% sucrose in PBS, 50 �m sections were collected
along the rostral–caudal axis of the lobe. Four sections, 1 mm
apart, were immunostained (17) and mounted with Fluoro-
mount-G (eBioscience, San Diego, CA, USA). Primary anti-
bodies included biotinylated mouse antineural class III �-tu-
bulin (TuJ1, 1:200, BAM1195; R&D Systems, Minneapolis,
MN, USA) and mouse anti-CGRP (calcitonin gene-related
peptide; 1:1000, C8198; Sigma-Aldrich). Fluorescently stained
sections were imaged with an Axiovert 100M LSM 510 micro-
scope (Zeiss). Compressed z-stack confocal images were pre-
sented and quantified. To determine the innervation density,
we quantified the TuJ1 or CGRP immune-reactive area and
divided the result by the area of each airway using Image J.
Ten medium-sized airways were imaged and quantified per
slide for a total of 40 airways/mouse. These numbers were
then averaged per mouse and for each treatment.

Western blot analysis

Protein samples were collected from right basal lung lobes
after homogenization in RIPA buffer containing proteinase
inhibitor (Roche Diagnostics, Indianapolis, IN, USA). Protein
concentration of whole lung lobe homogenate was deter-
mined with the BCA protein assay (ThermoScientific). West-
ern blot analysis for protein samples (20 �g) was performed
(17). Primary antibodies included rabbit anti-NF(H&M) (1:
1000, MAB1592; Millipore, Billerica, MA, USA), rabbit anti-
NF(H) (1:2000, AB1991; Millipore), rabbit anti-BDNF (1:100,
546 N-20; Santa Cruz Biotechnology, Santa Cruz, CA, USA),
rabbit anti-NT4 (1:100, 545 N-20; Santa Cruz), mouse anti-
GAPDH (1:100,000, ab8245l Abcam, Cambridge, MA, USA),
and mouse anti-phosphorylated TrkB (1:500, ab52191; Ab-
cam). Antigen-antibody complexes were detected with Super-
Signal West Pico Chemiluminescent Substrate (Thermo-
Scientific) and exposed on film. Densitometry units of indi-
vidual protein bands were measured by Image J and were
normalized to GAPDH levels.

Lung slice preparation and measurement of airway
contraction

Precision-cut lung slices (200 �m in thickness) were prepared
(28) with a VF-300 tissue slicer (Precisionary Instruments, San
Jose, CA, USA). The slices were cultured in 1:1 DMEM/F-12
supplemented antibiotics (Invitrogen-Life Technologies).
The next day, the slices were secured within a standard
12-well culture plate with a ring of nylon mesh together with
a metal washer. The multiwell plate was imaged with an
inverted microscope (DMI6000B; Leica Microsystems, Buffalo
Grove, IL, USA). The lung slices were pretreated with isopro-
terenol (30 �M; Sigma-Aldrich), to induce relaxation, fol-
lowed by stimulations with 10�7 M, 10�6 M, 10�5 M, and 10�4

M methacholine (Sigma-Aldrich). Midsized airways with a
baseline luminal area between 14,000 and 20,000 �m2 were
assayed. Each airway was imaged every minute for a total
duration of 35 min. From the acquired images, we quantified
the airway luminal area (Image J) and normalized its magni-
tude to the pretreatment baseline value.

Cell contractility–traction force microscopy

ASM cells were isolated from PBS-treated and OVA-exposed
�SMA-GFP;NG2-dsRed and NT4�/�;�SMA-GFP;NG2-dsRed pups
(29). GFP� ASM cells were cultured sparsely on collagen-1-
coated polyacrylamide gel substrates (stiffness, 4 kPa). Em-
bedded in the substrate were fiducial markers consisting of
fluorescent nanobeads. By tracking deformation of the beads
and solving the inverse problem of the forces necessary to
induce those displacements, we used MATLAB (The Math-
Works, Natick, MA, USA) to quantify the contractile forces
(called tractions) that cells exert on their substrate (30, 31).
From the traction map, we extracted a single measure of
overall cell contraction, called the contractile moment (30).

Statistics

All data are represented as means � sem from a minimum of
3 separate experiments. For comparisons between 2 geno-
types or 2 conditions, such as in Western blot analyses,
immunohistochemistry quantification, and differential BAL
fluid cell counts, statistical analysis was performed with the
2-tailed Student’s t test. Airway resistance data and contrac-
tion assays of lung slices were compared between genotypes,
treatments, and methacholine doses with 2-way, repeated-
measures ANOVA. Values of P � 0.10 were considered
significant.

RESULTS

OVA exposure in early life, but not in adulthood,
leads to persistent AHR

To evaluate the effect of early-life allergen exposure on
the airways, we created a neonatal mouse model by
sensitizing C57BL/6 pups to OVA allergen at P5 and
P10, followed by 3 aerosolized OVA challenges between
P18 and P20 (Fig. 1A). The mice were analyzed at P21,
when the airway begins to assume a mature configura-
tion (32). Compared to saline (PBS)-challenged pups,
OVA-challenged pups displayed key features of asthma:
overproduction of mucin (Fig. 1B), elevated serum
levels of OVA-specific IgE (Fig. 1C), AHR in response to
methacholine (Fig. 1D), ASM thickening (Fig. 1E, F),
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increased levels of the Th2 cytokine IL-13 (Fig. 1J), and
elevated infiltration of eosinophils and neutrophils
(Fig. 1K). Notably, OVA-exposed pups had persistent
AHR after they reached adulthood at 8 wk of age
(P21¡adult; Fig. 1G), despite the lack of sustained
ASM thickening (Fig. 1H, I) and diminished inflamma-
tion (Fig. 1J, K).

To test whether OVA exposure in adult life also leads
to persistent AHR, we sensitized and challenged 3-mo-
old adult mice with OVA (Fig. 2A and ref. 27) and then
examined them 24 h after the last challenge. Compared
to the PBS-challenged controls, the OVA-challenged
adult mice exhibited features of asthma that included
AHR (Fig. 2C), mucous hyperplasia (Fig. 2B), ASM

Figure 1. OVA exposure in early postnatal life led to persistent AHR. A) Experimental protocol for inducing allergic airway
inflammation by OVA in a neonatal mouse model. Controls received saline (PBS) challenges. B) Mucin staining in the airways of PBS-
and OVA-exposed pups at P21. Arrow indicates mucin� cells. C) Serum levels of OVA-specific IgE in PBS- and OVA-exposed pups at
P21, measured by ELISA. Each circle represents a sample. Red line indicates mean of the OVA-challenged group. D) Airway reactivity
of control (n	14) and OVA-exposed (n	13) pups was assessed at P21 with the FlexiVent apparatus with increasing concentrations
of methacholine. E) Representative images of �SMA immunostaining in the airways of PBS- and OVA-exposed pups at P21. Arrows
indicate �SMA� ASM; asterisks indicate �SMA blood vessels. F) Quantification of �SMA density in the airways of PBS- and
OVA-exposed pups at P21. G) Control (n	9) and OVA-exposed (n	13) pups were allowed to grow for 5 wk into adulthood
(P21¡adult). Airway resistance was measured with the FlexiVent apparatus at 8 wk of age. H) Representative images of �SMA
immunostaining in the airways of 8-wk-old adult mice (P21¡adult) exposed to PBS and OVA as neonates. Arrows indicate �SMA�

ASM; asterisks indicate �SMA blood vessels. I) Quantification of �SMA density. J) Serum levels of IL-13 in PBS- and OVA-exposed pups
at P21 and P21¡adult mice, measured by ELISA. K) Differential cell count in BAL fluid of PBS- and OVA-exposed pups at P21 and
P21¡adult mice. Percentages of macrophages (Mac), eosinophils (Eos), lymphocytes (Lymph), and neutrophils (Neut) are shown.
Scale bars 	 50 �m. n.s., not significant. *P � 0.10; **P � 0.05; ***P � 0.01.
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thickening (Fig. 2D), and increased serum levels of
OVA-specific IgE and IL-13 (Fig. 2E, G). However, AHR
was found to be diminished completely 2.5 wk after the
last challenge (adult¡2.5 wk recovery), along with
resolution of the inflammation (Fig. 2F, G and ref. 33).
These observations confirm that the developing lung is
more prone to long-term functional impairment by
insults than is the mature, adult lung (5, 6).

OVA exposure in early life, but not in adulthood,
leads to an increase in ASM innervation

We used OVA-exposed pups as a model to investigate
how early-life allergen exposure affects long-term air-
way structure and function. In these mice, persistent
AHR occurred without sustained ASM thickening (Fig.
1G–I). This finding suggests persistent changes in the
ASM phenotype. Since ASM is innervated, we hypoth-
esized that early-life allergen exposure affects ASM inn-
ervation, ultimately leading to a change in the ASM
phenotype. To test this hypothesis, we measured ASM
innervation levels in OVA-exposed pups at P21 and
after they grew into adulthood. Western blot analysis
showed that early-life OVA exposure significantly (by
2-fold) increased the level of neurofilament (NF; Fig. 3A, B).
Because ASM is the major target of innervation in the
mouse lung, we concluded that early-life OVA exposure
leads to elevated ASM innervation. Consistently, immu-
nostaining for neural-specific tubulin with a TuJ1 anti-
body showed that the OVA-exposed lungs had more
overall axons and higher ASM innervation density than
did the controls at P21 (Fig. 3C, E). The abundance of

sensory afferents marked by CGRP was unchanged after
OVA exposure at P21 (Fig. 3D, F), suggesting that the
increase in ASM innervation most likely involves effer-
ent nerves. Similar increases in ASM innervation were
observed in pups exposed to cockroach allergen (Sup-
plemental Fig. S1). However, the overall airway inner-
vation in the adult mice that were exposed to OVA as
neonates (8 wk of age; P21¡adult) was no longer
increased over that in the control mice (Fig. 3C, E),
whereas CGRP� sensory afferents in the adult mice
were more abundant than in the control mice (Fig. 3D,
F). These findings indicate that early-life OVA exposure
leads to dynamic remodeling of ASM innervation.

In contrast, OVA exposure to the adult lung had no
effect on innervation levels, as assayed by Western blot
analysis (Fig. 3G, H), and CGRP production increased
transiently within 48 h after the last challenge (34).
These data show that allergen exposure elicits a distinct
neurogenic response in the developing postnatal lung.

NT4-activated TrkB signaling is necessary for ASM
innervation in the postnatal lung

To understand how early-life OVA exposure increased
ASM innervation, we first characterized how the lung
normally becomes innervated in postnatal life. Using
TuJ1 immunostaining and Western blot analysis for NF,
we showed that ASM innervation increased postnatally
and peaked around P14 (Fig. 4A, B, D). Next, we
sought to identify the key signals for postnatal ASM
innervation. We focused on the NGF family because we
had shown that ASM expresses BDNF and NT4, 2 NTs

Figure 2. OVA exposure in adulthood did not lead to persistent AHR. A) Experimental protocol for inducing acute asthma in
adult mice. Control mice received PBS challenges. B) Mucin staining in the airways of PBS- and OVA-exposed adult mice. Arrows
indicate mucin� cells. C) Airway reactivity of control (n	8) and OVA-challenged (n	5) adult mice was assessed at d 19 by
measuring airway resistance with the FlexiVent apparatus. D) Quantification of �SMA density in the airways of PBS- and
OVA-exposed adult mice. E) Serum levels of OVA-specific IgE in PBS- and OVA-exposed adult mice, measured by ELISA. Each
circle represents a sample. Red line indicates mean of the OVA-challenged group. F) Airway reactivity of control and
OVA-exposed mice was assessed 2.5 wk after the last challenge. G) Serum levels of IL-13 in PBS- and OVA-exposed adult mice
at d 19 and after a 2.5 wk recovery, measured by ELISA. Scale bar 	 50 �m. *P � 0.10; **P � 0.05; ***P � 0.01.
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that both signal through the TrkB receptor (9), and
that extrinsic neurons require BDNF-activated TrkB
signaling for axon extension, to innervate the ASM
during embryogenesis (17, 18). Western blot analysis
showed that BDNF levels were greatly reduced after
birth, whereas NT4 expression increased and peaked at
P14 (Fig. 4C, D), coinciding with the maturation of
postnatal lung innervation (Fig. 4B, D).

To investigate the role of NT4 in postnatal lung
innervation, we compared NF (of both high and
medium molecular weight) levels between WT and
NT4�/� mice at E18.5 and P21. NT4�/� mice have
minor neural defects but are otherwise viable and
fertile (35) and show normal airway structure (Supple-
mental Fig. S3A). We found no change in airway
innervation levels in NT4�/� mice at E18.5 (Fig. 4E, F),
further supporting BDNF as the key neurogenic signal
in the embryonic lung (17). However, the NT4�/�

pups showed a 2- to 3-fold reduction in NF levels and
decreased TuJ1 immunoreactivity compared with that
of the WT pups at P21 (Fig. 4A, G, H), indicating that
NT4 is necessary for postnatal ASM innervation. To
validate this observation, we blocked signaling from the
NT4 receptor, TrkB, by treating TrkB F616A/F616A (TrkBFA/FA)
pups with 1NMPP1and assessed changes in ASM inner-
vation. TrkBFA/FA mice harbor a point mutation in the
TrkB kinase domain that renders the receptor suscep-
tible to inhibition by 1NMPP1, a specific inhibitor of
mutant kinase (25). This inhibition is reversible in vivo,
and without 1NMPP1 treatment, TrkBFA/FA mice are nor-
mal (25). We found that daily intranasal 1NMPP1 delivery
for 2 wk after birth resulted in 
70% reduction in lung

innervation of P14 TrkBFA/FA pups compared with that in
similarly treated TrkBFA/� littermates (Fig. 4I).

To test whether reduced airway innervation in the
NT4�/� pups and 1NMPP1-treated TrkBFA/FA pups was
due to a defect in ASM development, we examined the
expression of �SMA in the lungs of control and mutant
pups at P21 and found no difference (Supplemental
Fig. S3A, G). We also detected no TrkB mRNA expres-
sion in the whole lung or in isolated ASM (Supplemen-
tal Fig. S2 and refs. 36, 37). In contrast, TrkB mRNA was
readily detectable in the cell bodies of extrinsic neu-
rons within peripheral sensory ganglia (Supplemental
Fig. S2A and refs. 13, 15, 37, 38). We reasoned that the
amount of TrkB mRNA in ASM-innervating axons is
likely to be too low for detection (39). A lack of NT4
receptor expression by ASM indicates that NT4 does
not directly signal in ASM. Collectively, these findings
support that NT4-activated TrkB signaling is necessary
for postnatal lung innervation but not for ASM forma-
tion.

Early-life OVA exposure elevates NT4/TrkB signaling
to increase ASM innervation

To test whether early-life OVA exposure alters NT4/
TrkB signaling to increase ASM innervation, we com-
pared the NT4 level and TrkB signaling in the lungs of
PBS controls and OVA-exposed pups by Western blot
analysis. We found that the OVA-exposed pups had a
5-fold increase in NT4 protein expression (Fig. 5A) and
a 2-fold increase in TrkB phosphorylation, indicative of
receptor activation (Fig. 5B). We then assessed the

Figure 3. Early-life OVA exposure increased ASM innerva-
tion. A) Western blot analysis of NF in lung homogenates
collected at P21 from controls and OVA-exposed pups.

Each lane represents 1 mouse. B) Densitometry analysis of NF signal in the Western blot assay in (A). Data were normalized
to the total amount of loaded protein. C) TuJ1 immunolabeling in airways of PBS- and OVA-exposed pups at P21 and in
8-wk-old mice exposed to PBS or OVA as neonates (P21¡adult). Arrows indicate TuJ1-labeled axons. D) Immunostaining
for CGRP in the airways of PBS- and OVA-exposed pups at P21 and in 8-wk-old adult mice exposed to PBS or OVA as
neonates (P21adult). Arrows indicate CGRP-containing sensory afferents. E) Innervation density in control and OVA-
exposed P21 pups and P21¡adult mice. TuJ1 immunoreactivity was normalized to the size of each airway to calculate
innervation density. Forty airways from 10 pups of each group were analyzed. F) Quantification of CGRP staining in the
airways of P21 pups and P21¡adult mice by normalizing CGRP immunoreactivity to the size of the airway. Forty airways
from 10 pups of each group were analyzed. G) Western blot analysis of NF in lung homogenates of adult mice that were
challenged with PBS or OVA. Lungs were harvested at d 19. H) NF levels were quantified by normalization to GAPDH levels.
Data represent the average of 4 separate experiments with �3 mice/group for each experiment. Scale bars 	 50 �m. n.s.,
not significant; **P � 0.05; ***P � 0.01.
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effect of elevated NT4/TrkB signaling on ASM inner-
vation in the OVA-exposed pups. For this, we sensitized
and challenged NT4�/� pups (described in Fig. 1A)
and analyzed lung innervation at P21. OVA exposure
had no effect on the low basal levels of ASM innervation
in the NT4�/� pups (Fig. 5C, D), in contrast to the
increased innervation in the OVA-exposed WT pups
(Figs. 3A, B). Intranasal 1NMPP1 treatment of TrkBFA/FA

pups between P11 and P20 also prevented the OVA-
induced increase in ASM innervation, without affecting
normal levels of innervation density, as assayed by TuJ1
immunohistochemistry (Fig. 5E). These findings dem-
onstrate that early-life OVA exposure increased ASM
innervation by elevating NT4-activated TrkB signaling.

NT4/TrkB signaling is necessary for OVA-induced
AHR

The increased ASM innervation may link early-life OVA
exposure to persistent AHR into adulthood. To estab-
lish this link, we assessed the airway function and
inflammation after OVA exposure in NT4�/� and
1NMPP1-treated TrkBFA/FA pups. These pups, which
were exposed to PBS, had normal airway reactivity (Fig.
5F–H). OVA exposure also induced similar levels of
inflammation in the pups, as compared to that in the
WT pups, assessed by measurements of IL-13 and
OVA-specific IgE levels, BAL fluid cell counts, and ASM

thickening (Supplemental Fig. S3). However, in con-
trast to the WT mice, the OVA-exposed NT4�/� pups
exhibited no AHR at P21 or after they reached adult-
hood (Fig. 5F, H). In addition, 1NMPP1 treatment also
diminished AHR in the OVA-exposed TrkBFA/FA pups at
P21 (Fig. 5G). These observations suggest a functional
link between increased innervation after early-life aller-
gen exposure and altered ASM phenotype.

NT4 is necessary for the OVA-induced hyperreactive
phenotype of ASM

To assess the role of NT4 signaling in regulating ASM
contractility, we compared ASM contraction in lung
slices from PBS- and OVA-exposed WT and NT4�/�

pups at P21 (28). We chose to assay medium-sized
airways in which no intrinsic neurons are located (16).
In this assay, ASM contraction was induced by metha-
choline free of neural input. All lung slices were
pretreated with 30 �M isoproterenol, a �2-adrenergic
receptor agonist, to completely relax the ASM and
eliminate potential baseline differences in contraction.
Following methacholine treatment, all airways exhib-
ited a dose-dependent reduction of the luminal area,
indicative of ASM contraction (Fig. 6A). Control slices
from WT pups exhibited little contraction at 10�7 M
methacholine and contracted by up to 50% area at
higher doses (Fig. 6A). In comparison, lung slices from

Figure 4. NT4-activated TrkB signaling was necessary for ASM postnatal innervation. A) Representative images of TuJ1-labeled
lung sections from WT mice before birth (E18.5) and at P7, P14, and P21. TuJ1 staining of lung sections from NT4�/� and
1NMPP1-treated TrkBFA/FA pups at P21 is also shown. Arrows indicate TuJ1-labeled axons in the airway. B) Western blot analysis
of NF levels in lungs of pups at P7, P14, and P21. C) Western blot analysis of BDNF and NT4 levels in the lungs at E18.5, P7,
P14, and P21. D) Densitometry analysis of NF, BDNF, and NT4 levels at E18.5 and during postnatal development, as shown in
B and C. Signals were normalized to GAPDH levels. E) Western blot analysis of NF (high and medium molecular weight) levels
in E18.5 whole-lung homogenates of WT and NT4�/� pups. F) NF signals, quantified by densitometry and normalized to
GADPH levels. G) Western blot analysis of NF levels in P21 whole-lung homogenates of WT and NT4�/� pups. H) NF signals
quantified and normalized. I) Western blot analysis of TuJ1 levels in P14 lungs of TrkBFA/FA pups and TrkBFA/� littermates
treated with 1NMPP1. J) TuJ1 signals, quantified and normalized to GADPH levels. Data represent results from 3 separate
experiments with �3 mice/group for each experiment. Scale bar 	 50 �m. n.s., not significant; **P � 0.05.
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the OVA-exposed WT pups significantly reduced the
luminal area (25%) at 10�7 M and maximally reduced
the area (80%) at 10�5 M methacholine (Fig. 6A).
These findings indicate that early-life OVA exposure
significantly increased the sensitivity and the magni-
tude of contraction of ASM in response to methacho-
line in WT mice. Notably, although NT4 deficiency had
no effect on baseline contraction, NT4�/� lung slices
from both the PBS- and the OVA-exposed pups exhib-
ited a greatly reduced methacholine response. The
maximum contraction of NT4�/� lung slices from
PBS-exposed pups led to only a 20% reduction in the
airway luminal area, and lung slices from the OVA-
exposed NT4�/� pups exhibited a dose curve of meth-
acholine similar to that of PBS-exposed WT pups (Fig.
6A). These data further support a role for NT4-depen-
dent innervation in controlling the contractile pheno-
type of ASM.

We then compared biophysical properties of individ-
ual ASM cells isolated from WT and NT4�/� lungs by
traction–force microscopy. To allow purification of

ASM cells by cell sorting, we generated an �SMA-GFP;
NG2-dsRed double-fluorescent mouse. In the lungs of
this mouse, GFP was expressed by smooth muscle cells
in both the airway and vasculature (26), and dsRed was
found to be expressed in pericytes, some immune cells,
and vascular smooth muscle cells, but not in ASM (Fig.
6B and ref. 40). As a result, ASM cells can be separated
from vascular smooth muscle cells by single GFP posi-
tivity (Fig. 6B and ref. 29). Dissociated lung cells in
suspension were stained for additional markers to allow
separation of dead cells (efluor�), endothelial cells
(CD31�), and immune cells (CD45�). A stringent
sorting algorithm was designed to further exclude
possible myofibroblasts with low GFP expression (Sup-
plemental Fig. S4 and ref. 29). We bred the NT4�/�

mouse into this double-fluorescent background so that
a pure population of ASM cells (efluor�CD45�CD31�

hrGFP�dsRed�) could be isolated from the lungs of
both genotypes. Isolated ASM cells were plated on
collagen 1-coated plates that were impregnated with
red fluorescent nanobeads. After 72 h in culture to

Figure 5. NT4-activated TrkB signaling was necessary for an early-life
OVA-induced increase in lung innervation and AHR. A) NT4 levels in the
lungs of controls and OVA-exposed pups at P21, analyzed by Western blot
analysis and normalized to GAPDH levels. B) Western blot analysis of
activated TrkB by phosphorylation in control and OVA-exposed lungs.
C) Western blot analysis of NF at P21in WT and NT4�/� pups that were
exposed to PBS and OVA. D) NF signals, quantified by densitometry and
normalized to GAPDH levels. E) WT and TrkBFA/FA pups were exposed to
PBS or OVA. TrkBFA/FA pups also received short-term 1NMPP1 treatment, to
prevent OVA-induced overactivation of TrkB signaling. Innervation density

in the lungs of each group was analyzed by TuJ1 immunolabeling. Graphs represent an average of 40 airways from 10
pups/group. F) Airway resistance of P21 WT and NT4�/� mice that were exposed to PBS or OVA (n	11/group). G) Airway
resistance of WT and 1NMPP1-treated TrkBFA/FA pups that were exposed to PBS or OVA (WT-PBS, n	12; WT-Ova, n	9;
TrkBFA/FA-PBS, n	9; and TrkBFA/FA-OVA, n	12). H) Airway resistance of adult WT and NT4�/� mice that had been exposed
to PBS and OVA as pups (WT-PBS, n	9; NT4�/�-PBS; n	9; WT-OVA, n	13; and NT4�/�-OVA, n	16). Data represent the
average of each group from 3 separate experiments. Data from the WT mice analyzed in F and G partially overlapped; results
of WT mice at 8 wk of age in Fig. 1C were replotted in H, to allow a direct comparison between WT and NT4�/� mice.
**P � 0.05; ***P � 0.01.
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allow cell attachment, individual ASM cells and nano-
beads were live imaged on the basis of their fluores-
cence. The contractile moment was calculated by quan-
tifying the extent of the bead displacement before and
after cell removal by trypsin (30, 31). We found that
NT4 deficiency had no effect on the basal contractile
moment measurement (Fig. 6C). In addition, the ASM
cells isolated from the OVA-exposed WT pups at P21
had greater contractile moment than did the WT PBS
control cells (Fig. 6C), consistent with an OVA-induced
increase in basal tone of ASM cells. In contrast, OVA-
exposure had no effect on contractile moment of the
NT4�/� ASM cells (Fig. 6C, D). Collectively, our results
indicate that NT4 is necessary for the hyper-reactive
phenotype of ASM after OVA-exposure.

DISCUSSION

In this study, we compared mouse models of allergic
inflammation in neonates and in adults. We found that
allergen exposure in early life, but not in adult life,
leads to the elevated NT4 levels and increased ASM
innervation that are associated with persistent AHR in
adulthood. These findings provide a potential explana-
tion for the positive correlation between NT4 levels and
asthma disease severity in children (12). Our study also
suggests that early-life events that promote persistent
airway dysfunction may involve alterations along the
ASM-nerve axis (1, 3).

By using mice with genetic disruption or pharmaco-
logic blockade of NT4/TrkB signaling, we showed that
this pathway was necessary for the development of
acute and sustained AHR in vivo. Notably, this pathway
was not involved in normal lung development, func-
tion, or inflammation. Assays of single, isolated ASM
cells also showed that elevated cellular tone after early-
life allergen exposure was dependent on NT4. On the
basis of these findings, we propose that increased
innervation after early-life allergen exposure is func-
tionally linked to persistent alterations in the ASM
phenotype. In our model (Fig. 7), NT4 acts as a
target-derived signal for ASM innervation by TrkB-
expressing neurons during postnatal development.
In pathological states such as early-life allergen ex-
posure, up-regulated NT4/TrkB signaling leads to
increased ASM innervation. Elevated innervation alters
the ASM phenotype, ultimately resulting in persistent
AHR (Fig. 7A). Deficiency in NT4/TrkB signaling blocks
the allergen-induced increase in ASM innervation,
thereby preventing aberrant changes in ASM contractility
(Fig. 7B).

The assay of ex vivo lung slices supported our
conclusion that NT4 signaling is necessary for aller-
gen-induced AHR. The results showed that only the
OVA-exposed WT airways exhibited hyper-reactivity
to methacholine, whereas the OVA-exposed NT4�/�

airways exhibited contraction similar to that of the
control WT airways at all tested concentrations of
methacholine. Compared to physiological assays in

Figure 6. NT4 is required for OVA-induced increase
in ASM contractile phenotypes. A) Measurement of
methacholine-induced ASM contraction using lung slices. All lung slices were pretreated with isoproterenol to diminish
differences in baseline contraction. A minimum of 26 airways from 3 mice were analyzed for each condition. There was a
significant difference in lung slice contraction between OVA-exposed WT and NT4�/� mice. B) Differential GFP and dsRed
expression in �SMA-GFP;NG2-dsRed pups at P21. Arrowheads indicate GFP� ASM; asterisks indicate GFP� and dsRed�

blood vessels. C) Contractile moment measurement of individual ASM cells based on their contraction map. ASM cells were
isolated from �SMA-GFP;NG2-dsRed and NT4�/�;�SMA-GFP;NG2-dsRed pups after PBS and OVA exposure at P21. Each
symbol represents the measurement of a single ASM cell; horizontal line represents the average within the group.
D) Representative contraction maps of a single ASM cell isolated from lungs of OVA-exposed WT and NT4�/� pups. Insets:
imaged GFP� ASM cells. Scale bars 	 50 �m. n.s., not significant. ***P � 0.01.
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vivo, in which no difference in airway reactivity between
PBS- and OVA-exposed NT4�/� pups was found, lung
slice assays showed an effect of OVA exposure on
methacholine responsiveness. This discrepancy may be
caused by a difference in methacholine doses between
these two assays and may also reflect a lack of neural
input and humoral and structural components in lung
slices. However, it does raise the possibility that NT4
regulates ASM phenotypes, such as reactivity to metha-
choline in the normal lung. Considering that NT4 is
needed for ASM innervation, this possibility is consis-
tent with our model in which NT4-dependent neural
innervation regulates the ASM phenotype in asthma.

The current study in the lung, along with our previ-
ous study in the esophagus (21), highlights the func-
tional link between innervation and smooth muscle
phenotypes. Our data suggest that the deregulated
release of neurotransmitters and neuropeptides from
innervating nerves during the neonatal period contrib-
ute to long-term changes in the ASM phenotype; can-
didate neurotransmitters in this process include acetyl-
choline and substance P, two known activators of ASM
reactivity (41–43). Future studies will detail changes in
specific types of ASM innervation, such as cholinergic
efferents induced by early-life allergen exposure. In
addition, the molecular nature of hyper-reactive ASM
induced by nerve-derived signals requires further char-
acterization. We found no difference in muscarinic
receptor mRNA expression when we used isolated ASM
from WT and NT4�/� mice. This finding suggests that
neural regulation of the ASM contractile phenotype is

mediated through a posttranscriptional mechanism or
other signaling mechanisms that may have a broad
effect on ASM response to a variety of agonists.

We identified an overall increase in airway innervation
after early-life allergen exposure. However, previous stud-
ies have shown that early-life exposure to tobacco smoke,
ozone, and house dust mite allergen elicits specific
changes in the type of innervation (7, 8). One possibility
is that changes in NT expression and airway innervation
are dependent on the type of provocative insult and are
also developmentally stage specific. Supporting this possi-
bility, the ozone-induced increase in substance P-contain-
ing axons is dependent on the postnatal time window of
exposure. In addition, other studies in primates after
ozone and allergen exposure focused on neural changes
in the airway epithelium (10), a structure that is not
abundantly innervated in mice. Of note, several of these
studies have suggested that increased substance P levels
contribute to long-term AHR (5, 7), which is consistent
with our hypothesis.

In summary, this study provided evidence that neural
innervation plays a key role in controlling the ASM
contractile phenotype. The results further support a par-
adigm wherein insults to the developing lung can lead to
irreversible changes in lung cell phenotype, thereby re-
sulting in adult disease. Based on our findings, it may be
possible to develop treatment strategies that prevent the
progression from childhood to adult asthma.
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Fig. S1. Early-life cockroach allergen (CR) exposure increases BSM innervation. (A) 

Measurement of airway resistance of PBS- and CR-exposed pups at P21. (B) Representative 

images of TuJ1 labeling of neural specific tubulin in airways of pups that were exposed to CR or 

PBS. Scale bar, 50µm. Arrows point to TuJ1
+
 axons. (D) Quantification of innervation density in 

the airways that were exposed to CR or PBS. **p<0.05. 

 

 

 

 

Fig. S2. NT4 receptors, TrkB and p75, are not expressed in lung cells at P21. (A) In situ 

hybridization for TrkB mRNA expression in the lungs of pups that were exposed to PBS or 

OVA. The sense probe served as a negative control. TrkB mRNA was not found in the lung, but 

was detected in the cell bodies of sensory neurons in the dorsal root ganglion (DRG) that extend 

their axons to innervate the lung. (B) In situ hybridization for CC10 mRNA expression in the 

lungs of pups that were exposed to PBS or OVA. The same sets of lung sections as for TrkB in 

situ hybridization were used for CC10 in situ hybridization. CC10 mRNA was detected in the 

lung epithelium, serving as an additional control for TrkB in situ hybridization. (C) qPCR 

analysis of TrkB and p75 mRNA levels in isolated ASM cells and immune cells from the lungs 

of SMA-GFP;NG2-dsRed pups that were exposed to PBS or OVA. CD45
+
 immune cells and 

CD45
-
;CD31

-
;GFP

+
;dsRed

-
 ASM cells were isolated by flow cytometry. Total RNA from the 

brain of E18.5 embryos was used as a positive control. Data were normalized to -actin mRNA 

levels. Scale bars, 100 µm.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3. Blockade of TrkB signaling by NT4 deficiency or 1NMPP1 treatment of TrkB
FA/FA 

pups has no 

effect on OVA-induced ASM thickening or infiltration of immune cells at P21. (A) Representative images 

of SMA-labeled lung sections from PBS- or OVA-exposed NT4
-/-

 pups at P21. Arrows point to SMA
+
 

ASM. (B) Quantification of SMA density in the airway of PBS- and OVA-exposed NT4
-/-

 pups. (C) IL-

13 levels in BAL of WT and NT4
-/-

 pups that were exposed to PBS or OVA, assayed by ELISA. (D) Total 

eosinophils in BAL of WT and NT4
-/-

 pups that were exposed to PBS or OVA.  (E) Differential BAL 

counts in PBS- and OVA-exposed NT4
-/-

 pups. (F) Serum levels of OVA-specific IgE in control and 

OVA-exposed NT4
-/-

 pups. (G) Representative images of αSMA staining of 1NMPP1-treated TrkB
FA/FA 

pups that were exposed to PBS or OVA. Arrows point to SMA
+
 ASM. * marks blood vessel. Scale bars, 

50 µm. **p<0.05; ***p<0.01.  

 

 

 



Fig. S4. The sorting plot of ASM isolation from the lungs of aSMA-GFP;NG2-dsRed mice at P21.  Lungs 

were enzymatically dissociated to obtain cell suspension prior to staining with a nuclear dye (efluor, 

similar to DAPI) and the CD31 and CD45 antibodies.  For cell sorting using a Moflo cell sorter (Beckman 

Coulter, Fullerton, CA), individual cells of proper size (A, B) that were stained with the nuclear dye were 

excluded (C).  Live cells that were not stained by the nuclear dye (P3) were further sorted into CD31-

CD45- (P4) population (D).  This population was then separated into a P6 subpopulation that expressed 

high GFP but low ds-Red (E).  The P6 fraction (efluor-CD31-CD45-GFP+dsRed-), which was about 

0.7% of the whole lung cells (F), was highly enriched for live ASM cells. 
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Supplementary Materials and Methods

Neonatal cockroach allergen model.  C57BL/6 pups were given 10 l cockroach antigen (15 µg/ml in PBS) intra-nasally

on P5, P10, and P15 followed by physiological measurement and tissue harvest on P21.

In situ hybridization. In situ hybridization was performed on 15 m frozen sections using digoxigenin-labeled antisense

RNA probe) using an established protocol (Ai, et al., 2007). The in situ probe for a lung epithelium marker CC10 was

described previously (Meneghetti, et al., 1996). To generate in situ probes for TrkB mRNA, a 126 bp cDNA PCR

fragment was cloned into pGEM-T easy vector (Promega) followed by T7 and SP6 transcription. The sequences of the

PCR primers follow: TrkB forward: 5’-AGACATTTCCGCCACCTTGAC-3’; TrkB reverse: 5’-

CACAGACTTTCCTTCCTCCACG-3’.

Quantitative real-time PCR (qPCR). Left basal lung lobes were collected and homogenized for total RNA isolation

using the RNeasy Mini Kit (Qiagen). Total RNA (1 g) was reverse transcribed using SuperScript III First-Strand

Synthesis SuperMix (Invitrogen). Quantitative PCR (qPCR) was performed using the Power SYBR Green PCR Master

Mix (Applied Biosystems) on a StepOnePlus Real-Time PCR System (Applied Biosystems). The relative level of mRNA

expression was calculated by normalizing to the housekeeping gene, β-actin, mRNA using ΔCt (cycle threshold

difference). Primers for qPCR follow: p75 forward:5’-CAGACGATGCCGTGTGCCGA-3’; p75 reverse: 5’-

CAGGGCGTGCACTCGCGTAA-3’; TrkB forward: 5’-ATTCACCACCGAGAGTGACG-3’ ; TrkB reverse: 5’-

TCTTCCTTGTGTGTGGTTCC-3’; β-actin forward: 5’-GCAGCTCCTTCGTTGCCGGT-3’; β-actin reverse: 5;-

TACAGCCCGGGGAGCATCGT-3’.

Flow cytometry and cell sort. Cell suspensions were obtained by digesting lungs with 0.1% collagenase A (Roche

Diagnostics), 2.4 units/ml Dispase (Roche Diagnostics), and 6 units/ml DNase I (Qiagen) as described previously

(Summer et al., 2003). Cell suspensions were incubated with the following antibodies from BD Pharmingen: CD3-FITC

(1:100), CD11b-FITC (1:100), CD13-PE (1:50), Ly6G-FITC (1:50), B220-PE (1:200), CD11c- PerCP-Cy5 (1:100),

CD45-FITC (1:200), CD45-PE (1:200), CD45-PE (1:200), CD45-PerCP-Cy5 (1:200). After staining, cells were washed

with PBS before sorting on a LSRII flow cytometer (BD Biosciences). To isolate ASM cells by cell sorting, lung cell

suspensions were prepared from SMA-GFP;NG2-dsRed mice and NT4-/-;SMA-GFP;NG2-dsRed pups. Cells were

stained with CD31 (1:150) and CD45 (1:200) antibodies and a viability dye (efluor 450, 1:200, eBioscience). Live ASM

cells (efluor-CD45-CD31-hrGFP+dsRed-) were collected based on their singly high GFP levels using a Moflo cell sorter

(Beckman Coulter, Fullerton, CA). Cells with relatively low GFP levels, which likely were lung myofibroblasts, were not

collected. Details of sorting algorithm for ASM isolation were described previously (Jesus et al., 2013).

Statistics. All data are represented as means ± s.e.m. from a minimum of 3 separate experiments. Statistical analysis was

performed by the two-tail Student’s t test.  *p<0.1.  **p<0.05.  ***P<0.01.
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