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Abstract. Ankyrin repeat-rich membrane spanning protein 
(ARMS), also known as kinase D-interacting substrate of 
220 kDa (Kidins220), is a transmembrane protein that has 
been reported to be involved in the pathogenesis of asthma 
through the nerve growth factor (NGF)̸tyrosine kinase A 
(TrkA) receptor signaling pathway. To investigate whether 
NGF/TrkA-Kidins220/ARMS-extracellular signal-regulated 
kinase (ERK) signaling is activated in airway inflammation 
of asthma, BALB/c mice were sensitized and challenged with 
ovalbumin (OVA). The effects of Kidins220/ARMS on ERK, 
interleukin (IL)-1β, IL-4 and tumor necrosis factor (TNF)-α 
in lung tissues following the allergic airway challenge in mice 
were assessed by administering anti-ARMS antibody to the 
mice. Pathological changes in the bronchi and lung tissues were 
examined via hematoxylin and eosin staining. The phosphory-
lated ERK, IL-1β, IL-4 and TNF-α levels were determined 
using western blot analysis and ELISA and were found to be 
overexpressed in lung tissues following the allergen challenge. 
Moreover, after the mice were treated with anti-NGF, anti-TrkA 
or anti-ARMS, the levels of Kidins220/ARMS, phosphory-
lated ERK, IL-1β, IL-4, TNF-α and allergen-induced airway 
inflammation were downregulated. These results suggested 
that NGF̸TrkA‑Kidins220̸ARMS‑ERK signaling was acti-
vated in airway inflammation induced by the allergic airway 
challenge, possibly representing a new mechanism in asthma.

Introduction

Ankyr in repeat-r ich membrane spanning protein 
(ARMS), also known as kinase D-interacting substrate of 
220 kDa (Kidins220), is an important molecule in the nerve 
growth factor (NGF)̸tyrosine kinase A (TrkA) receptor 
signaling pathway, as it binds to NGF-TrkA, activating down-
stream enzymes (1). An association between TrkA and ARMS 
was previously found to persist for several hours (2). During 
NGF-induced neuronal differentiation, there is direct engage-
ment of the TrkA receptor with ARMS, leading to sustained 
mitogen-activated protein kinase (MAPK) activation that regu-
lates neurite outgrowth (3). Numerous inflammatory cytokines 
and polypeptide growth factors elicit specific cell responses 
through the activation of MAPK cascades (4,5). Among the 
best characterized of the mammalian MAPK superfamily of 
serine̸threonine kinases are the p42‑ and p44‑kDa extracel-
lular signal-regulated kinases (ERKs) ERK2 and ERK1 
(collectively defined as p42/p44 ERK), the p38 MAPK and 
the p46-p54-kDa c-Jun amino (N)-terminal kinase (JNK) or 
stress-activated protein kinase (6). A previous study demon-
strated that ERK activity in the lungs of asthmatic mice was 
significantly higher compared to that in normal mice (7). We 
recently demonstrated that the expression of ARMS in lung 
tissues was increased in asthmatic mice compared to that in 
control mice (8,9).

Asthma is characterized by chronic airway inflammation. 
Numerous cell types and cytokines contribute to this inflam-
mation (10). The NGF-mediated TrkA pathway was reported 
to be involved in the pathogenesis of asthma. In addition, 
interleukin (IL)-1β and tumor necrosis factor (TNF)-α were 
shown to exert a prominent effect on the development of 
airway responsiveness and airway inflammation in bronchial 
asthma (11,12). IL-4 is a Th2 cytokine that plays important 
roles in allergic inflammation and airway remodeling (13,14). 
The total and phosphorylated (activated) forms of ERK are 
present in dorsal root ganglion (DRG), satellite and Schwann 
cells. The basal levels of activated ERK in DRG cells are 
low, although they are selectively increased in calcitonin 
gene‑related peptide̸TrkA cells with NGF treatment (15). 
IL-1β activates p42/p44 ERK-dependent processes in human 
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airway smooth muscle (ASM). p42/p44 ERK affects the extent 
of IL-1β-stimulated cytokine release (6,16). The synergistic 
action of the ERK and p38 MAPK pathways is required for the 
optimal induction of cytokine gene expression (17) and cyto-
kine release (18). NGF may be involved in the pathogenesis of 
neurogenic inflammation in asthma through the Ras-MAPK 
signal transduction pathway. NGF/TrkA and ARMS were 
reported to participate in the pathogesis of asthma (8,9). 
Kidins220/ARMS is a novel component of the uropod involved 
in the regulation of T-cell motility, an essential process for the 
immune response (19). The ERK signaling pathway may modu-
late allergic airway inflammation (7,20). However, whether the 
ARMS-mediated ERK signaling pathway is also involved in 
the inflammation of asthma has not been elucidated.

Based on the above findings, we hypothesized that 
Kidins220/ARMS-mediated ERK signaling pathway may 
be involved in the inflammation of asthma. Our findings 
demonstrated that ERK and ARMS were overexpressed in 
lung tissues following the allergen challenge and the increased 
expression of p42/p44 ERK was decreased with anti-NGF, 
anti-TrkA or anti-ARMS antibody treatment.

Materials and methods

Animals. A total of 62 female BALB/c mice, 6- to 8-weeks-old, 
weighing 18-22 g, were obtained from the Beijing Laboratory 
Animal Research Center (Beijing, China). The mice were 
maintained under specific pathogen‑free conditions. An oval-
bumin (OVA)-free diet and water were supplied ad libitum. 
The animal studies were approved by the Ethics Committee 
for Animal Use and Care at the Institute of Education of China 
Medical University.

Sensitization, challenge and treatment. The BALB̸c mice 
were randomized into five groups: control (n=12), OVA (n=14), 
anti-NGF (n=12), anti-TrkA (n=12) and anti-ARMS (n=12). 
Sensitization and challenge protocols were conducted according 
to the methods of Elwood et al (21) and Vanacker et al (22), 
with certain modifications, as described below. In the OVA 
group, mice were sensitized to ovalbumin (20 µg per injec-
tion) absorbed in 2.0 mg per injection of aluminium hydroxide 
administered intraperitoneally on day 1. On days 8, 15 and 
22, mice were again sensitized to ovalbumin (10 µg per injec-
tion) absorbed in 1.0 mg per injection of aluminium hydroxide 
administered intraperitoneally. Beginning on day 23, the 
mice were administered inhaled aerosols of 4% ovalbumin 
in phosphate-buffered saline (PBS) for 25-30 min (until the 
onset of bronchial obstruction) daily for 7 consecutive days. 
The mice in the anti-NGF, anti-TrkA and anti-ARMS groups 
were also subjected to ovalbumin sensitization and asthma 
induction in the same manner. Intranasal administration of 
50 µl (1:50 dilution) of polyclonal goat anti-mouse NGF anti-
body (biological activity: 1:4,000 dilution blocks bioactivity 
of 5 ng/ml NGF) (Santa Cruz Biotechnology, Inc., Santa Cruz, 
CA, USA) dissolved in sterile PBS was performed 3 h prior 
to each airway allergen challenge in the anti-NGF group. 
Intranasal treatment with anti-NGF antibody was performed 
according to the methods of Braun et al (23), Glaab et al (24) 
and Nagai et al (25), with minor modifications. The mice in 
the anti-TrkA group received 0.2-mmol/l anti-TrkA antibody 

(200 ml prepared with PBS) (Santa Cruz Biotechnology, Inc.) 
by intranasal administration (26,27) 3 h prior to the induction 
of asthma. Mice in the anti-ARMS group received intranasal 
goat polyclonal anti-ARMS antibody (diluted 1:25 in PBS) 
(Santa Cruz Biotechnology, Inc.). Mice in the control group 
were challenged with PBS alone, administered by injection. 
All the animals were humanely sacrificed within 24 h after the 
last ovalbumin or PBS exposure.

Pathological examination of bronchial and lung tissues. The 
lungs of the BALB/c mice were perfused with 4% parafor-
maldehyde to allow the pleura to extend and flatten prior to 
fixation of the tissue in 4% paraformaldehyde. The tissues 
were routinely embedded in paraffin and sectioned (5 µm) 
for hematoxylin and eosin staining to assess the pathological 
changes in the lung and bronchial tissues under a microscope.

Western blot analysis for ERK. Protein homogenates of lung 
tissue samples were prepared by rapid homogenization in 
10 volumes of ice-cold RIPA lysis buffer (Beyotime, Shanghai, 
China). The protein concentrations of the tissue lysates were 
determined using the Enhanced BCA Protein Assay kit 
(Beyotime) and the supernatants were boiled in sodium 
dodecyl sulfate sample buffer for 5 min. Equal amounts of 
lysate proteins were separated using 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
onto a polyvinylidene difluoride membrane (Amersham 
Pharmacia Biotech, Uppsala, Sweden). After blocking, the 
blots were incubated with specific primary antibody overnight 
at 4˚C and were then further incubated for 1 h with horseradish 
peroxidase-conjugated secondary antibody. The bound anti-
bodies were detected using an enhanced chemiluminescence 
kit with a Lumino-Image analyzer (Taitec Corp, Tokyo, Japan). 
Integrated density values were analyzed using a computerized 
image analysis system (Fluor Chen 2.0) and normalized to 
those of β-actin.

ELISA for IL‑1β, IL‑4 and TNF‑α levels in lung tissues. 
Lung tissues (50 mg/500 µl) were homogenized in PBS using 
a Polytron homogenizer (Kinematica, Littau, Switzerland), 
then centrifuged at 800 x g for 10 min. The protein levels of 
IL-1β, IL-4 and TNF-α in the lung tissue homogenates (50 µl) 
were determined by ELISA, according to the manufacturer's 
instructions (Bionewtrans Pharmaceutical Biotechnology Co., 
Ltd., Franklin, MA, USA). The limit of detection for IL-1β, 
IL-4 and TNF-α was >1, 1 and 7.8 pg/ml, respectively.

Statistical analysis. The data were analyzed using SPSS 
statistical software version 15.0 (SPSS Inc, Chicago, IL, USA) 
and were expressed as mean ± standard deviation. Differences 
between groups were analyzed, as appropriate, using the 
Student's t-test and one-way analysis of variance followed 
by the Fisher's least significant difference test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Pathological changes in the bronchial and lung tissues. The 
mice in the control group exhibited normal smooth bronchial 
and alveolar structures. There was no inflammatory cell 
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infiltration of the airway and lung tissues. The mice in the OVA 
group exhibited an extensive inflammatory cell infiltration 
around the bronchioles, blood vessels and alveoli. The airway 
mucosa was edematous, with bronchiolar wall thickening 
causing luminal stenosis, suggesting successful establish-
ment of the asthmatic model. In asthmatic mice treated with 
anti-NGF, anti-TrkA and anti-ARMS antibodies, the extent of 
inflammation and cellular infiltration in the airway was reduced 
and the pathological changes of the bronchial and lung tissues 
were milder compared to those in the asthma group (Fig. 1).

IL‑1β, IL‑4 and TNF‑α concentration in lung tissues. The 
concentration of IL-1β, IL-4 and TNF-α in the lung tissues was 
significantly higher in the OVA compared to the control group 
(P<0.01). The expression of IL‑1β, IL-4 and TNF-α was reduced 
following treatment with anti-NGF, anti-TrkA and anti-ARMS 
antibodies, providing direct evidence that ARMS may affect 
the expression of inflammatory cytokines in lung tissues and 
suggesting the possible involvement of NGF/TrkA-ARMS 
signaling in inflammatory reactions in asthma (Fig. 2).

Expression of pERK. Western blot analysis was performed to 
measure the levels of pERK/ERK in the lung tissues in each 
group (Fig. 3). The control group exhibited low expression 

levels of pERK/ERK. However, the levels were significantly 
increased in the OVA group (P<0.01). Furthermore, the expres-
sion of pERK in the anti-NGF, anti-TrkA and anti-ARMS 

Figure 3. Expression of p-extracellular signal-regulated kinase (pERK) in 
lung tissues by western blot analysis. (A) Expression of pERK and ERK 
in the control, ovalbumin (OVA), anti-NGF, anti-TrkA and anti-ankyrin 
repeat-rich membrane spanning (ARMS) group; (B) optical density values 
for pERK relative to ERK. Data are expressed as mean ± standard deviation 
(n=6). *P<0.01 vs. control group; **P<0.01 and #P<0.05 vs. OVA group. NGF, 
nerve growth factor; TrkA, tyrosine kinase A. 

Figure 1. Pathological changes in the bronchial and lung tissues of BALB/c mice in the different groups. A distinct bronchiolar stenosis is observed in the oval-
bumin (OVA) group, with inflammatory cell infiltration of bronchiolar and lung tissue. The inflammation and bronchiolar narrowing were significantly alleviated 
after intervention with the anti-NGF, anti-TrkA and anti-ARMS antibodies. Sections were stained with hematoxylin and eosin (original magnification, x200). 
ARMS, anti-ankyrin repeat-rich membrane spanning; NGF, nerve growth factor; TrkA, tyrosine kinase A.

Figure 2. Effect of anti-ARMS treatment on interleukin (IL)-1β, IL-4 and tumor necrosis factor (TNF)-α levels. (A) IL-1β, (B) IL-4 and (C) TNF-α levels in 
lung tissues were measured by ELISA. Data are expressed as mean ± standard deviation (n=6). *P<0.01 vs. control group; **P<0.01 and #P<0.05 vs. ovalbumin 
(OVA) group. ARMS, anti-ankyrin repeat-rich membrane spanning; TrkA, tyrosine kinase A; NGF, nerve growth factor; GAPDH, Glyceraldehyde 3-phos-
phate dehydrogenase
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groups was significantly lower compared to that in the OVA 
group (P<0.01).

Discussion

In this study, we demonstrated that the expression of pERK 
in lung tissues, as determined by western blot analysis, was 
increased in the OVA group compared to that in the control 
group. Intervention with anti-ARMS, anti-NGF and anti-TrkA 
antibodies resulted in a significant reduction of pERK expres-
sion in lung tissues in the OVA group. ARMS blockade was 
also associated with reduced cytokine levels in the lung 
tissues of OVA-sensitized mice. It was previously demon-
strated that NGF/TrkA plays an important role in bronchial 
hyperresponsiveness and inflammation (28,29) in asthma. 
Kidins220/ARMS, a novel transmembrane protein substrate of 
Trk receptors, is directly involved in the downstream signaling 
events for neurotrophins. ARMS was identified as an important 
molecule in the signaling pathway, as it binds to NGF-TrkA 
and activates downstream enzymes (1). ARMS also serves as 
a substrate for protein kinase D (30). The interaction between 
Trk and ARMS was shown to result in an increase in MAPK 
activation that persists for several hours.

The MAPK signaling cascade has been shown to be 
important in the activation of various immune cells (31). Three 
major groups of MAPK are encountered in mammalian cells, 
including extracellular signal-regulated protein kinase (ERK), 
p38 MAPK and JNK. The regulation of the ERK signaling 
pathway may modulate allergic airway inflammation (20). 
Kidins220/ARMS knockout mice exhibited developmental 
defects, mainly in the nervous and cardiovascular systems, 
suggesting a crucial role for this protein in the modulation 
of the crosstalk between different signaling pathways (32). 
Therefore, it may be assumed that the NGF-TrkA-ARMS 
signaling pathway is involved in the inflammation associated 
with asthma by activating ERK.

TrkA, as a receptor tyrosine kinase, traditionally signals 
through the activation of one of three major biochemical 
pathways: phospholipase Cγ (PLCγ), p42/p44 ERK (ERK1̸2) 
or phosphatidylinositol-3-kinase (PI3K). MAPK activation is 
known to play a crucial role in the proliferation of ASM cells 
induced by various mitogens. Activation of ASM cells by 
IL-1β also leads to the production of mediators and numerous 
cytokines and chemokines (33). These effects are regulated 
to some extent by MAPK activation (34). Allergic airway 
inflammation involves multiple inflammatory cells and a wide 
array of mediators (35). It was previously demonstrated that 
the activation of ARMS is mainly realized by the MAPK 
signaling pathway (20). Specific cytokines were associated 
with human asthma through examinations of blood, exhaled 
breath condensates, bronchoalveolar lavage fluid (BALF) cells 
or sputum cells (36). Increased amounts of IL-1β and TNF-α 
were detected in BALF (37) and in the culture supernatants of 
alveolar macrophages from asthmatic patients (11). Moreover, 
the level of the pro‑inflammatory cytokine IL‑4 is increased 
in the lung tissues of asthmatic human (38) and animal 
subjects (39,40). The cytokines IL-1β, IL-4 and TNF-α are 
key elements in the airway inflammation and hyperrespon-
siveness observed in allergic asthma. Th1-associated IL-1β 
and TNF-α, as well as Th2-associated IL-4, are considered as 

the key cytokines involved in the induction of airway hyper-
responsiveness, infiltration of eosinophils into the lungs and 
mucus secretion (41). The ERK signaling pathway was shown 
to be involved in the cytokine production by a variety of cell 
types (42-44). However, whether the ARMS-mediated ERK 
signaling pathway is involved in asthma inflammation and its 
underlying mechanisms has not yet been elucidated.

This study demonstrated that ARMS inhibition effec-
tively reduced OVA-induced cytokine production in a mouse 
asthma model. The expression of IL-1β, IL-4 and TNF-α in 
the lungs of OVA-sensitized mice was higher compared to 
that in control mice. ERK activation was also observed in 
the lung tissues of OVA-sensitized mice. However, treat-
ment with anti-NGF, anti-TrkA and anti-ARMS antibodies 
resulted in downregulation of the expression of IL-1β, IL-4 
and TNF-α in OVA-sensitized mice. Moveover, intervention 
with anti-ARMS antibody resulted in a significant reduc-
tion of NGF and TrkA and activation of ERK. These results 
suggested that the NGF/TrkA-ARMS-ERK signaling pathway 
activated by airway inflammation in allergic asthma may be 
involved in the pathogenetic mechanism of asthma through 
the upregulation of IL-1β, IL-4 and TNF-α expression. These 
results indicate that ARMS-mediated ERK pathway plays a 
role in the inflammatory response and that ARMS and pERK 
upregulation is involved in the neuroimmunological patho-
genesis of the allergen challenge in mice. These findings may 
lead to the development of novel therapeutic approaches to 
allergic diseases of the airways.

In conclusion, the present study has demonstrated that 
NGF/TrkA-Kidins220̸ARMS-ERK signaling contributes to  
airway inflammation in OVA-sensitized mice. Intranasal 
administration of anti-NGF, anti-TrkA and anti-ARMS anti-
bodies effectively blocked the inflammatory cascade. Our 
results support the hypothesis that the NGF̸TrkA‑ARMS 
signaling pathway may be involved in the inflammation of  
asthma via ERK activation. Identification of NGF/TrkA- 
Kidins220/ARMS-ERK signaling may prove useful in the 
treatment of allergic airway inflammation.
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