
Abstract. – OBJECTIVE: The molecular mech-
anism leading to airway remodeling in patients
with allergic asthma is not fully understood. We
determined the role of nerve growth factor/tyro-
sine kinase receptor A signaling in airway re-
modeling in chronic allergic airway inflammation,
and proved that inhibited nerve growth factor
(NGF) production ameliorates airway remodeling
during chronic allergic airway inflammation.

MATERIALS AND METHODS: Six- to eight-
week-old female BALB/c mice were used in this
study. Mice were randomized into four groups:
phosphate buffer saline (PBS) control group (n
= 10); chronic asthmatic group (n = 12); anti-
NGF group (n=12); and anti-TrkA group (n=12).
First, to determine the impact of NGF on airway
remodeling, antibody-blocking experiments
were performed in a chronic allergic murine
model characterized by matrix deposition in the
subepithelial. Secondly, the number of
eosinophils, macrophages, neutrophils and the
total number of cells in bronchoalveolar lavage
fluid (BALF) was counted. Thirdly, growth-asso-
ciated protein 43 (GAP43) and NGF protein ex-
pression was measured by western blot.

RESULTS: It was shown that the number of
eosinophils and the total inflammatory cells, NGF
and GAP43 protein expression in BALF were
markedly higher in asthma group, compared to
the other groups. And given anti-NGF or anti-TrkA
antibody treatment can reduced GAP43 expres-
sion and collagen deposition in the airway.

CONCLUSIONS: NGF triggers wound healing
process and airway remodeling by inducing
GAP43 production dependent on TrkA in a
mouse model of chronic experimental asthma.
Controlling epithelial NGF production might be
an efficient therapeutic target to prevent aller-
gic asthma.
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Introduction

Asthma is pathophysiologically characteristic
of chronic airway inflammation, airway hyper-re-
sponsiveness and airway remodeling. A sustained
irritant stimulates the airway epithelial cells to
produce growth factors, proteolytic enzymes, an-
giogenic factors and fibrogenic cytokines, which
cause the excessive collagen deposition in subep-
ithelial, following by airway remodeling and at
last cause the function loss of airway1,2. The re-
peated airway remodeling, as a result of unbal-
ance wound-healing processes aggravate the air-
way damage3.

Nerve growth factor (NGF), as a prototypic
member of the neurotrophic factor family, was
originally found to promote survival and differ-
entiation of neuronal cells. There is increasing
evidence that NGF played a role in chronic aller-
gic airway disease. It has recently been shown
that NGF plays a critical role in inflammatory in-
teractions among immune, neuronal, and struc-
tural cells in pathogenesis of chronic allergic
asthma4,5; And the NGF functions by binding to
tyrosine kinase receptor A (TrkA), the high-affin-
ity receptor of NGF6,7.
Growth-associated protein 43 (GAP43), a ner-

vous tissue-specific cytoplasmic protein, is con-
sidered to play a key role in neurite formation, re-
generation and plasticity. And normally, GAP43
expresses in a very low level in the peripheral
nerves, and its overexpression prompts regenera-
tion of peripheral nerve lesions. Therefore,
GAP43 has been considered to be a well-estab-
lished marker for nerve plasticity. Recent studies
have shown that excessive NGF administration
can promote GAP43 production and start the ear-
ly phase of peripheral nerve regeneration and re-
modeling in several injury tissues8.
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In this work, to determine whether the inhibit-
ed NGF production ameliorates airway remodel-
ing during chronic allergic airway inflammation,
we used a chronic allergic airway inflammation
murine model after low-dose and repeated in-
halation of OVA to demonstrate the NGF/TrkA
signaling pathway induces GAP43 production
and involveds in the airway wound healing.

Materials and Methods

Animal Experiments
Six- to eight-week-old female BALB/c mice

from the Laboratory Animal Center, Dalian Med-
ical University, were used in this study. Mice
were randomized into four groups: phosphate
buffered saline (PBS) control group (n = 10);
chronic asthmatic group (n = 12); anti-NGF
group (n=12); and anti-TrkA group (n=12). In
the chronic asthmatic model group, mice were
sensitized with an intraperitoneal injection of 10
µg ovalbumin (OVA; Grade V, Sigma, St Louis,
MO, USA), adsorbed in 1.5 mg aluminium hy-
droxide (Pierce, Rockford, IL, USA), dissolved
in 200 µL of phosphate buffered saline (PBS) at
days 0, 14 and 21. Then, 1% OVA aerosol chal-
lenges were conducted three times a week, from
1 to 8 weeks. The control mice were conducted
with PBS in a same way. All tests were conduct-
ed 24 hours post the last aerosol inhalation of
OVA or PBS. Aerosolized OVA or PBS was gen-
erated using a jet nebulizer (PARI, Starnberg,
Germany). Mice in anti-NGF group or anti-TrkA
group were administered anti-NGF or anti-TrkA

treatment, 3h before the OVA challenge. And the
anti-NGF or anti-TrkA treatment was conducted
with an injection of nasal cavity in a dose of 4
mL/kg of antibody (anti-NGF or anti-TrkA anti-
body was diluted to final concentration 0.1 mg/L
or 0.2 mmol/L) (Figure 1). All of the animal ex-
periments and operating procedures were ap-
proved by the Animal Ethics Committee.

Bronchial Responsiveness
Mice responsiveness to β-methacholine (MCh)

was assessed by whole-body plethysmography
(EMKA, Paris, France) and by measuring in-
creases in enhanced pause (Penh) as an index of
airway obstruction. PBS or various doses of MCh
(1-100 mg/mL) were nebulized into the nasal
chamber for 1.5 min. Airway reactivity was ex-
pressed as the fold increase in Penh for each
MCh concentration, compared with the Penh val-
ue after PBS challenge.

Bronchoalveolar Lavage Fluid (BALF)
Collection
BALF was collected three times with 0.8 mL

of saline. 70 to 80% of the liquid was routine re-
covered. The number of total or different type of
cells were calculated. The concentrations of IL-4,
IL-5 and IL-13 were determined by ELISA(BD,
Franklin Lakes, NJ, USA) in the cell-free fluid,
according to the manufacturer’s instructions.
Sensitivity for all of the assays was 1 pg/mL.

Histopathology
In order to make the alveolar expansion and

flattening before fixing, the right lung of each
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Figure 1. Neutralization of nerve growth
factor (NGF) in experimental chronic asthma.
Mice were immunized with three intraperi-
toneal injections of OVA/AL (OH) on days 0,
7 and 14. OVA challenge was performed
three consecutive times per week at the indi-
cated time points. Antibodies were applied
3 h before each challenge period by intraperi-
toneal injection. Animals were analysed 24 h
after the final challenge. TrkA, tyrosine ki-
nase receptor A.



mouse was routinely perfused with 4%
paraformaldehyde then the whole lung was fixed
in 4% paraformaldehyde. After paraffin embed-
ing, the tissues were sectioned (5 µm) for HE and
Masson staining for pathological assessment by
microscopy.

Western Blotting Analysis
A total of 100 µg of lung homogenates was

prepared in dodecyl sulfate, sodium salt (SDS)
sample buffer and subjected to (SDS)-polyacry-
lamide gel electrophoresis (SDS-PAGE). Protein
samples were transferred onto a nitrocellulose
membrane and immunostained with rabbit poly-
clonal monoclonal antibodies against mouse
NGF, GAP43 and β-actin (ab6199, ab11136,
ab15263, Abcam, Cambridge, UK). Goat goat
anti-rabbit IgG (Pierce, Rockford, IL, USA) sec-
ondary antibody, conjugated to horseradish per-
oxidase and enhanced chemiluminescence detec-
tion systems (Super Signal West Femto; Pierce)
were used for detection.

Statistical Analysis
Statistical analyses were performed using

SPSS 17.0 Edition software (IBM, Armonk, NY,
USA). Differences among groups were deter-
mined using Friedman’s one-way ANOVA for
multiple comparisons between groups. Data were
expressed as means±SE and p < 0.05 for the dif-
ference was statistically significant.

Results

Chronic Asthma of Mice After
OVA Aerosol Challenges
OVA challenges caused a thickening of the

subepithelial wall of bronchi and inflammatory
cell infiltration, as observed in HE and Masson
staining (Figure 1), which is typical of airway in-
flammation. The number of total or different type
of cells in mice BALF were calculated, and it was
shown that lymphocytes and eosinophils in BALF
were significantly increased in the chronic asthma
group than in control group (Figure 2). And also,
there were pathological change of chronic asthma
in the airway of mice in chronic asthma group:
subepithelial collagen deposition and subepithe-
lial fibrosis were significant (Figure 3).

Anti-NGF and Anti-TrkA
Treatment Markedly Prevented
the Airway Inflammatory Response
IL-4, IL-5 and IL-13 concentration released into

BALF were measured by ELISA. The OVA inhala-
tion can remarkable increase their concentration in
BALF, and intraperitoneal injection of anti-NGF
and anti-TrkA pretreatment can prevent this change
(Figure 4). We measured Penh as an indicator of
bronchial responsiveness with unrestrained body
plethysmography. Bronchial hyperresponsiveness
was augmented in the asthma group. the data
showed that anti-NGF and anti-TrkA treatment
could alleviate bronchial hyperresponsiveness due
to OVA inhalation to the basal level (Figure 5).
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Figure 2. Eosinophil cell percentages in bron-
choalveolar lavage fluid (BALF). Eosinophil counts
in BALF were significantly greater in the chronic
experiment asthma group than in the control group
and mice treated with anti-nerve growth factor
(NGF), anti-tyrosine kinase receptor A (TrkA) anti-
bodies (n = 6 per group). *p < 0.01 versus control;
**p < 0.05 versus asthma.
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Anti-NGF and Anti-TrkA Treatment
Markedly Inhibited Subepithelial Fibrosis
in Experimental Chronic Asthma
Nerve growth factor levels were increased in

the chronic asthma group, accompanied by
subepithelial collagen deposition, peribronchial
fibrosis (Figure 6). Nerve growth factor also
mediated TrkA-dependent increase in GAP43 in
experimental chronic asthma (Figures 6, 7). To
investigate the role of NGF, we treated chronic
allergic mice with two different antibodies: anti-
NGF and anti-TrkA. It was shown that anti-
NGF or anti-TrkA treatment could markedly in-
hibit airway remodeling, by ameliorating subep-

ithelial collagen deposition, peribronchial fibro-
sis (Figure 3), as confirmed through quantifica-
tion of peribronchial collagen layer thickness
(Figure 3).

Discussion

The 5-10% of patients suffering from severe
asthma and accordingly bring higher disease-re-
lated mortality9,10. Airway remodeling was found
to occur in all serious asthma, and the degree of
reticular basement membrane collagen deposi-
tion was correlated with the severity of the dis-
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Figure 3. Neutralization of nerve growth
factor (NGF) in ovalbumin (OVA)-induced
experimental chronic asthma suppressed air-
way inflammation and subepithelial collagen
deposition. A, Lung sections stained for HE
(magnification ×200) and Masson (magnifi-
cation × 200). B, Stereological quantification
of subepithelial collagen layer thickness (C)
(n = 6 per group). *p < 0.01 versus control;
**p < 0.05 versus asthma. TrkA, tyrosine ki-
nase receptor A.
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Figure 4. T helper 2 (Th2 )cy-
tokines released into bronchoalve-
olar lavage fluid were measured
by ELISA. Interleukin (IL)-4, IL-
5 and IL-13 were significantly in-
creased by ovalbumin (OVA) in-
halation, and these increases were
significantly attenuated by anti-
nerve growth factor (NGF) and
anti-tyrosine kinase receptor A
(TrkA) pretreatment (n = 6 per
group). *p < 0.01 versus control;
**p < 0.05 versus asthma.

Figure 5. Nerve growth factor (NGF) in-
hibitors reduce methacholine (MCh)-in-
duced bronchial hyperresponsiveness in
ovalbumin (OVA)-challenged mice. (a) The
dose-response curves of MCh-induced
bronchoconstriction in each group animals
were expressed as fold increase in en-
hanced pause (Penh) for each concentration
of MCh (n = 6 per group). *p < 0.01 versus
asthma; ** p < 0.05 versus control.
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ease11. In the process of inflammatory response
and tissue damage, growth factors secreted in-
creasingly from the inflammatory cells or tissue
cells and started subsequent wound healing
process12. Therefore, a balance of inflammatory
interactions among immune, neuronal, and local
tissue cells is necessary for an appropriate
process of recuperation and repair13. However,
during chronic persistent inflammation and in-
jury, this balance is disrupted lead to exaggerated
pathological processes, causing airway remodel-
ing14,15. Previous studies have found that the con-
centration of NGF was increased in the serum
and BALF of patients with chronic allergic asth-
ma, and this increase was positively correlated
with disease severity16. Airway epithelial cells
were the major source of NGF in the chronic air-
way inflammation. NGF production can be un-
regulated by IL-1β, TNF-α, and TH2 cytokines17.
And NGF and its receptor has been described to
play an important role in the early responses dur-
ing the process of wound healing18,19.
In this research, we first built an OVA-induced

mice model of experimental asthma. It was

shown by others20 that NGF played a role in the
airway remodeling of asthma, and GAP43 pro-
duction and participates in airway remodeling.
And the role of NGF is achieved by binding to
TrkA, NGF/TrkA singling pathway can induce
GAP43 production then regulate neuronal plas-
ticity21. In our model, OVA challenge can cause
nerve growth factor and its receptor TrkA protein
expression in bronchial. We also found a corre-
sponding increase in GAP43 protein expression
and subepithelial collagen deposition, and peri-
bronchial fibrosis and other pathological changes
of airway remodeling.

To further prove the role of NGF in the air-
way remodeling of asthma, the treatment of anti-
NGF and anti-TrkA were conducted, and both
treatments could inhibit GAP43 production and
the subsequent airway remodeling. In this work
and our previous studies, we found that NGF ex-
pression in the immune and structural cells of the
airways, such as bronchial epithelial cells, airway
smooth muscle cells and alveolar macrophages22.
All the evidence demonstrates that NGF signal-
ing pathway mediated airway remodeling of
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Figure 6. Expression of growth-asso-
ciated protein 43 (GAP43) in lung tis-
sue of mice detected by western blotting
(n = 6 per group). *p < 0.01 versus con-
trol; **p < 0.05 versus asthma. NGF,
nerve growth factor; TrkA, tyrosine ki-
nase receptor A.



chronic bronchial asthma, and interrupted the un-
controlled regulation may be an effective method
for the treatment of bronchial asthma23,24.

Conclusions

We demonstrated a novel function and sin-
gling pathway of NGF in allergic asthma, that
contributes a key role to airway remodeling.
Chronic allergic airway inflammation can lead to
further changes in the structure of the airway, and
this change is associated with increased NGF
levels25-27. In chronic experimental asthma model,
the concentration of NGF was significantly in-
creased. This change not only causes chronic al-
lergic airway inflammation, stimulates airway
hyperresponsiveness but also leads to further air-
way remodeling28-31. Our data provide evidence
of a novel therapeutic approach to airway remod-
eling in chronic allergic airway inflammation.
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