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Abstract

Airway diseases such as asthma involve increased airway smooth muscle (ASM) contractility and remodelling via enhanced proliferation.
Neurotrophins (NTs) such as brain-derived neurotrophic factor (BDNF), well-known in the nervous system, can regulate Ca2� signalling,
and interact with cytokines in contributing to airway hyperreactivity. In this study, we determined whether and how BDNF regulates
human ASM cell proliferation in the presence of inflammation, thus testing its potential role in airway remodelling. Cells were treated
with 10 nM BDNF, 25 ng/ml tumour necrosis factor (TNF-�) or interleukin-13 (IL-13), or 10 ng/ml platelet-derived growth factor (PDGF).
Proliferation was measured using CyQuant dye, with immunoblotting of cell cycle proteins predicted to change with proliferation. Forty-eight
hours of BDNF enhanced ASM proliferation to ~50% of that by PDGF or cytokines. Transfection with small interfering RNAs (siRNAs)
targeting high-affinity tropomyosin-related kinase B receptor abolished BDNF effects on proliferation, whereas low-affinity 75 kD 
neurotrophin receptor (p75NTR) siRNA had no effect. Systematic pharmacologic inhibition of different components of ERK1/2 and
PI3K/Akt1 pathways blunted BDNF or TNF-�–induced proliferation. BDNF also induced I�B phosphorylation and nuclear translocation
of p50 and p65 NF-�B subunits, with electron mobility shift assay confirmation of NF-�B binding to consensus DNA sequence. These
results demonstrate that NTs such as BDNF can enhance human ASM cell proliferation by activating proliferation-specific signalling path-
ways and a versatile transcription factor such as NF-�B, which are common to cytokines and growth factors involved in asthma.
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Introduction

Exaggerated airway narrowing, airflow limitation and accompany-
ing dyspnoea are hallmark symptoms of diseases such as asthma,
chronic bronchitis and emphysema [1,2]. In this regard, it is now
clear that in addition to passively responding to bronchoconstric-
tor stimuli (i.e. hyperreactivity), the diseased airway also under-
goes ‘remodelling’ via increased airway smooth muscle (ASM)
mass (hypertrophy and hyperplasia). There is also increasing
recognition that ASM itself produces several mediators of airways
disease (e.g. growth factors, cytokines) that may have both nega-
tive and positive effects on airway narrowing and remodelling [3].
In this setting, the recent discovery of NTs in normal and diseased
lung (recently reviewed in Refs. 4–6) raises the exciting possibility

that these growth factors contribute not only to normal ASM func-
tion, but also to airway diseases.

The NT family of growth factors includes nerve growth factor
(NGF), BDNF, neurotrophin 3 (NT3) and neurotrophin 4 (NT4). NTs
are well-known to regulate differentiation, morphology, function
and gene expression of neuronal cells [7–9]. BDNF, NT4 and NT3
exert their effects via receptors [the low-affinity 75 kD NT receptor
p75NTR and the high-affinity tropomyosin-related (tyrosine)
kinases, TrkB and TrkC], initiating receptor autophosphorylation
and activating several intracellular signalling cascades (e.g. PLC,
phospholipase C; PI3K, phosphatidylinositol 3 kinase; MAPK,
mitogen-activated protein kinases). NTs have also been found to
affect intracellular Ca2� ([Ca2�]i) and neurotransmitter release in
neurons on more rapid time scales [10,11]. However, an important
aspect of NT signalling is that by virtue of being growth factors,
they can potentially influence a myriad of signalling mechanisms,
which are species, cell type and context specific.

NTs and their receptors have recently been found in different
lung components [4,12–16]. For example, BDNF is produced by
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epithelium, sensory neurons, ASM itself and a range of immune
cells [17] (also see Refs. 4–6, for review). Altered NT (BDNF as
well as NGF) and receptor expression have been observed in
asthma, allergy and even lung cancer [4,6]. A role for BDNF has
been suggested in airway inflammation, remodelling and hyperre-
activity [18,19], but the mechanisms by which NTs such as BDNF
can affect ASM are still under investigation. We recently demon-
strated that NTs such as BDNF can enhance [Ca2�]i regulation in
human ASM, and potentiate the enhancing effects of the pro-
inflammatory cytokine TNF-� on [Ca2�]i [15].

Considering the fact that diseases such as asthma involve both
altered contractility as well as remodelling where ASM hyperplasia
is a key component, and the recent evidence for BDNF signalling
within ASM, we hypothesized that BDNF activates ASM cell prolif-
erative pathways, thus contributing to ASM hyperplasia observed
in airway diseases. We tested this hypothesis using primary
human ASM cells as a paradigm, and determined the role of sig-
nalling mechanisms most commonly associated with BDNF as
well as cell proliferation. We compared BDNF effects and sig-
nalling mechanisms with those of two cytokines thought to be key
in asthma: the early Th1 cytokine TNF-�, which functions via a
plasma membrane receptor TNFR1 and activates the transcription
factor NF-�B [20] as well as the Th2 cytokine IL-13 [21–23].
Platelet-derived growth factor (PDGF), a potent mitogen was also
used for comparison [24,25].

Materials and methods

Human ASM cells

The techniques for isolating human ASM cells have been previously
described [15,16]. Briefly, human bronchi from lung specimens incidental
to patient surgery were used to obtain ASM cells. Specimens were usually
derived from lobectomies or pneumenectomies for localized tumour or
transplant, whereas specimens removed for metastatic tumour or infection
were not used. Bronchial samples were immersed in ice-cold Hanks’ bal-
anced salt solution (HBSS; 2.5 mM Ca2�), the epithelial layer removed by
blunt dissection, and the ASM layer excised and finely minced in ice-cold
Ca2�-free HBSS. Cells were isolated using collagenase digestion, followed
by ovomucoid–albumin separation. Subsequent cell pellets were resus-
pended in DMEM-F12 supplemented with 10% foetal bovine serum
(DMEM Complete), centrifuged, resuspended, seeded in culture flasks and
were passaged to a maximum of two subcultures. Cells were serum-
deprived at least for 24 hrs prior to all experiments.

Western analyses

ASM cell lysates were prepared using previously described standard tech-
niques [15,16]. Briefly, cells were rinsed twice with ice-cold phosphate-
buffered saline (PBS), harvested and subjected to sonication in cell lysis
buffer (Cell Signaling Technologies, Beverly, MA, USA) containing protease
inhibitors, and the resultant supernatants were assayed for total protein
content using the DC protein Assay kit (BioRad, Hercules, CA, USA).

Approximately, 30-�g total protein was loaded onto a denaturing SDS-
PAGE and electrophoresed according to standard protocols. Proteins were
transferred onto a PVDF membrane, blocked with 5% non-fat milk and
probed with antibodies of interest. Protein detection was performed with
the Supersignal Pico substrate kit from Pierce Biotechnology (Rockford,
IL, USA). Blots were exposed to BioMax-XAR film (Eastman Kodak Co.,
Rochester, NY, USA), and scanned for densitometric analyses using Kodak
ImageStation 4000 (Carestream Health, Rochester, NY, USA).

BDNF antibodies were obtained from Abcam; Akt1, pAkt1 and GAPDH
antibodies from Cell Signaling; ERK1/2, pERK1/2, I�B, pI�B, NF-�B-p50,
NF-�B-p65, and PCNA, Cyclin E and p27Kip1 antibodies from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Anti-rabbit or antimouse secondary
antibodies were obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cytokine and BDNF treatment

ASM cells were exposed to serum-free medium for at least 24 hrs 
before treatment. Cells were then exposed for 48 hrs to 10 nM human
recombinant BDNF (R&D Systems Minneapolis, MN, USA), 25 ng/ml 
TNF-� (Calbiochem), 25 ng/ml IL-13 (Calbiochem, Gibbstown, NJ, USA) or
10 ng/ml PDGF (Sigma-Aldrich).

Pharmacological inhibition

A range of inhibitors for different components of signalling cascades
were used to determine their involvement in BDNF effects on cell 
proliferation. Specifics of inhibitor use are provided in the results section
in individual protocols. We recognize that most inhibitors are specific
only within certain concentrations, and may differ in their inhibitory
potency between cell types. Accordingly, only one fixed concentration of
each inhibitor was selected based on the published or vendor-provided
IC50 in vitro. In general, the approach was to expose ASM cells to an
inhibitor for at least 30 min. prior to subsequent exposure to BDNF (or
other stimuli) for 48 hrs in the continued presence of inhibitor. Control
studies involved exposure to the inhibitor alone for 48 hrs. The list of
inhibitors is as follows: Akt Inhibitor XIII, ERK inhibitor peptide, IKK
inhibitor III, PD98059, Raf Kinase inhibitor, RSK inhibitor, SN-50 and
wortmannin (Calbiochem).

siRNA transfection

ASM cells were grown to approximately 50% confluence in 96-well culture
plates, and were exposed to serum- and antibiotic-free medium for 24 hrs
before transfection with 200 pM non-specific (scrambled) RNA or siRNA
against TrkB, TrkC, TNFR1 or P75NTR (Ambion-Applied Biosystems,
Austin, TX, USA). The siRNA was allowed to complex with Lipofectamine
reagent (Invitrogen, Carlsbad, CA, USA) and added to cells. After 24 hrs,
transfection medium was replaced with serum-free medium for 24 hrs and
the cells were then treated with BDNF for 24 hrs (thus, maintaining the total
experimental period at 48 hrs).

CyQuant cell proliferation assay

Proliferation of ASM cells grown in 96-well culture plates was assayed
using the CyQuant NF kit (Invitrogen). For all experiments, 48 hrs after the
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treatments (stimulus, with or without inhibitor or siRNA as above), cells
were washed with PBS and exposed to the CyQuant dye for 1 hr at room
temperature. Dye binding to DNA (fluorescence) was measured on a Flex
Station3 microplate reader (Molecular Devices, Sunnyvale, CA, USA). Dye
calibrations were performed empirically using different cell counts and
used to obtain estimates of baseline proliferation and with drug exposures
over the 48 hrs period. Extent of proliferation was normalized to baseline
(i.e. time zero).

Flow cytometry

ASM cells from different individuals were grown in 100 mm culture
plates and were treated with 10 nM BDNF or 25 ng/ml TNF for 0 or 24 hrs
before ethanol fixation. Cells in medium alone for the same time periods
were used as controls. Cells were then stained with propidium iodide,
and analysed using either an FACSAria or FACSVantage SE Flow
Cytometer (Mayo Flow Cytometry Core Facility). Approximately 20,000
events were captured per sample and cell populations in G1, S and G2/M
phases were analysed using the ModFit LT software (Verity Software
House, Topsham, ME, USA).

Electrophoresis mobility shift assay (EMSA)

ASM cells were grown on 10-cm plates to ~80% confluence, and exposed
to serum-free medium for 24 hrs prior to treatment with BDNF, TNF-�, 
IL-13 or PDGF. After 2 hrs, cells were washed and fractionated to obtain
cytoplasmic and nuclear extracts using the NE-PER kit (Pierce
Biotechnology). Biotinylated or non-biotinylated forward and reverse
oligonucleotides corresponding to the NF-�B binding site consensus 
(5�-AGTTGAGGGGACTTTCCCAGGC-3�) were obtained from Mayo Clinic
DNA Synthesis Core Facility, and used with the nuclear extracts and non-
radioactive EMSA kit from Pierce Biotechnology to analyse NF-�B binding
in the EMSA assay. Nuclear extracts allowed to bind to the NF-�B oligonu-
cleotide, and the complex was run on a non-denaturing 5% polyacrylamide
gel buffered with 0.5% Tris-Borate-EDTA (TBE). Nucleoprotein–DNA 
complexes were then transferred to a nylon membrane, and cross-linked
with ultraviolet light. Membranes were treated with streptavidin–horseradish
peroxidase conjugate and the shift in mobility was detected via treatment
with a chemiluminescence substrate and exposure to BioMax-XAR film.

Statistical analyses

All proliferation experiments were performed in quadruplicate using 
different sets of cells isolated from four different individuals. For CyQuant
proliferation assay, data from at least six wells per protocol were collected
for cells from each individual and averaged. Data for graphs were 
generated using these averages. Controls represent unstimulated samples
or those not exposed to drugs (and thus a baseline measurement). 
For immunoblotting, extracts were obtained from three to five different
individuals. Net band intensity was normalized to that of the housekeeping
gene product glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Comparisons were performed across groups with independent Student’s 
t-test or two-way ANOVA as appropriate. Repeated comparisons were tested
via Bonferroni correction. Statistical significance was tested at the P �

0.05 level. Values are reported as means � S.E. ‘n’ values representing
numbers of individuals are provided in the legends to the figures.

Results

ASM phenotype

Before initiating proliferation studies, we verified that the ASM cells
used maintained a smooth muscle phenotype during the passaging
process. Western analysis for smooth muscle myosin and actin, as
well as muscarinic receptor and vimentin, showed sustained
expression of these proteins in ASM cells up to the third passage,
even with 48 hrs serum deprivation (Fig. 1; representative data
from n 	 6 individuals). Such sustained expression of smooth
muscle markers was observed even at passage 5; however, to rule
out any possibility of de-differentiation, earlier passages were used.
Furthermore, we found no reduction in expression of smooth mus-
cle markers between untreated cells, and those exposed to BDNF,
TNF-�, IL-13 or PDGF after 48 hrs (not shown).

BDNF effect on cell proliferation

Cell proliferation was measured using fluorescence changes of the
CyQuant dye. We first verified that the dye has a fairly linear detec-
tion range from as low as 50 to 25,000 ASM cells in a fixed vol-
ume (as claimed by the vendor). This dilution curve was used to
generate an in situ empirical calibration for human ASM cells.
Because we used the same dye concentration and the initial cell
density (i.e. before drug or other exposures) of ~5000 (mid-range
for the dye), we converted the fluorescence values to changes in

Fig. 1 Phenotype of human airway smooth muscle (ASM) cells. Isolated
ASM cells maintained a smooth muscle phenotype in culture (up to third
passage of subculture, serum deprivation for 48 hrs), demonstrating 
continued expression of muscarinic receptors (M3 subtype; M3/AChR in
figure), smooth muscle (SM) myosin heavy chain (MHC) and actin, as well
as vimentin. Fibroblast-specific protein expression was negligible verifying
that lack of contamination by fibroblasts. Representative sample from ASM
derived from n 	 6 individuals.
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cell numbers following treatments. Based on this analysis, serum-
deprived human ASM cells showed a baseline proliferation of
~5.5% over a 48-hr period, compared to time zero (Fig. 2).

Compared to baseline proliferation, exposure of serum-
deprived human ASM cells to 48 hrs BDNF significantly increased
proliferation (P � 0.05; Fig. 2A; n 	 4 individuals, quadruplicate
measurements per individual and condition). BDNF effects on cell
proliferation were smaller than that of TNF-�, IL-13 or PDGF (with

PDGF having considerably greater effect compared to the other
compounds; P � 0.05). In addition, we tested the effect of differ-
ent concentrations of BDNF, TNF-� or PDGF on cell proliferation
(Table 1). We found that proliferation rates were not increased
beyond 10 nM BDNF, 25 ng/ml TNF-� or 10 ng/ml PDGF.
Accordingly, these concentrations were used in further analyses.
We also explored whether at a fixed BDNF concentration, duration
of exposure (12, 24, 48 and 72 hrs) was important, and found that

Fig. 2 Effect of brain-derived neurotrophic factor (BDNF) on human ASM cell proliferation. (A) Compared to unstimulated controls (which showed a small
baseline proliferation over a 48-hr period measured using a fluorescent CyQuant assay), exposure of ASM cells to 10 nM BDNF induced significant increase
in cell proliferation, albeit less than that induced by the pro-inflammatory cytokines tumour necrosis factor (TNF-�) and interleukin-13 (IL-13) or by platelet-
derived growth factor (PDGF) (n 	 4 individuals for each set, quadruplicate measurements per individual). The proliferative effect of these stimuli on ASM
cells was comparable to that seen in a lung alveolar cancer cell line (A459). Enhanced proliferation by BDNF or other stimuli was further demonstrated by
increased Cyclin E and decreased p27Kip1 expression (B) and increased proliferating cell nuclear antigen (PCNA) levels (C) (n 	 3 individuals for each set;
quadruplicate measurements per individual). Changes in ASM proliferation profile were also measured by propidium iodide staining followed by flow cytom-
etry at 0 and 24 hrs after BDNF or TNF-� treatment, which caused a marked increase in the fraction of cells in S and G2/M phases (D) (n 	 3 individuals
for each set). Values are mean � S.E. * indicates significant difference from control. #indicates significant effect of cytokine or PDGF (P � 0.05).
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48 hrs did not substantially influence proliferation (data not
shown): hence our selection of 48 hrs for subsequent studies.

To verify that BDNF, TNF-�, IL-13 or PDGF effects on ASM 
cell proliferation were not artefact, we performed additional
experiments where the same stimuli (48 hrs, same concentra-
tions) were given to the unrelated alveolar epithelial tumour cell
line A549 (ATCC), and found comparable increases in A549 
proliferation (Fig. 2).

Proliferation was further verified by Western analysis of ASM
cell fractions which showed increased proliferating cell nuclear
antigen (PCNA) levels following exposure to BDNF as well as
cytokines or PDGF (Fig. 2; P � 0.05 compared to controls; P �

0.05 for BDNF being less than other stimuli which had compara-
ble effects). In addition, we examined the expression of Cyclin E (a
G1/S Cyclin which, along with CDK2, enables cells to enter the
synthesis phase of the cell cycle), and p27Kip1, a CDK inhibitor
and a target for the phosphorylating activity of the Cyclin E–CDK2
complex. Increased Cyclin E and decreased p27Kip1 abundance
are thus indicative of cell cycle progression from G1 or quiescence
phase [26,27]. We observed that Cyclin E expression was
increased and p27Kip1 expression concurrently decreased when
ASM cells were exposed for 24 hrs to BDNF or TNF-� (Fig. 2; P �

0.05 for either agent), suggesting that both stimulate pathways
that signal a shift from quiescence to division phase in ASM cells.
Consistent with this scenario, flow cytometric analysis of ASM
cells treated with BDNF or TNF-� for 24 hrs showed a substantial
increase in the fraction of cells entering G2/M phase (Fig. 2; com-
pared to untreated cells; P � 0.05), indicating that the down-
stream effect of BDNF and TNF-� signalling is cell cycle activation,
directing ASM cells to undergo mitosis.

An alternative mechanism for BDNF action was the possibility
that BDNF might simply enhance the survival of ASM cells rather
than actively promote their proliferation. Accordingly, we examined
viability of ASM cells treated with BDNF or TNF-�. Trypan Blue
staining followed by cell counting using a haemocytometer
revealed that the BDNF- or TNF-�–treated samples had an
increased number of cells compared to the untreated cells. More
importantly, the ratio of live to dead cells (Trypan Blue excluded
versus stained cells) was unaltered irrespective of whether the cells
had been exposed to BDNF (or TNF-�) or not (data not shown).

These data supported the idea that BDNF actually increases cellu-
lar proliferation instead of just enhancing cell survival.

Mechanisms of BDNF effect

Role of receptors
BDNF can activate the high-affinity receptor TrkB as well as the
low-affinity pan-NT receptor p75NTR, both which have been pre-
viously shown to be expressed by human ASM cells [15].
Accordingly, we used siRNAs against specific receptors to deter-
mine their role in cell proliferation. We have previously used this
set of siRNAs to demonstrate specificity for human TrkB with
absence of effect by nonsense siRNA or Lipofectamine [15].

In cells transfected with Lipofectamine alone, there was no sig-
nificant change in baseline proliferation (demonstrating lack of
vehicle toxicity). In cells not exposed to BDNF, inhibition of TrkB
expression decreased proliferation to below baseline (Fig. 3; P �

0.05). A similar effect on baseline proliferation was observed with
siRNAs against TrkC (receptor for the NT3 with no known activa-
tion by BDNF) and p75NTR (Fig. 3). Transfection with scrambled
(nonsense) siRNA did not inhibit BDNF- or TNF-�–induced cell
proliferation. Constitutive expression of NTs has been reported in

Table 1 ASM cell proliferation dose responses

BDNF
(nM)

Proliferation
TNF-�
(ng/ml)

Proliferation
PDGF
(ng/ml)

Proliferation

0.1 6.1 � 0.5% 0.25 6.4 � 1.1% 0.1 10.0 � 1.5%

1 18.3 � 1.1% 2.5 16.3 � 2.5% 1 18.9 � 3.7%

10 24.3 � 2.5% 25 45.0 � 4.5% 10 59.6 � 8.1%

100 27.3 � 4.5% 250 52.7 � 6.8% 100 67.3 � 10.4%

Values are means � S.E. BDNF: brain-derived neurotrophic factor;
TNF-�: tumour necrosis factor �; PDGF: platelet-derived growth factor.

Fig. 3 Role of neurotrophin (NT) receptors in ASM cell proliferation.
Suppression the high-affinity BDNF receptor tropomyosin-related kinase B
(TrkB) using siRNA blunted baseline cellular proliferation (cells not
exposed to exogenous BDNF), suggesting endogenous BDNF production
by ASM cells. This was confirmed when chelation of extracellular BDNF by
the chimeric TrkBFc protein blunted proliferation to levels comparable to
that by TrkB siRNA. Blunting effects on proliferation were also observed
with the neurotrophin-3 receptor TrkC (not activated by BDNF), and the
pan-NT low-affinity receptor p75NTR, suggesting baseline release of other
NTs. The increased proliferation induced by 10 nM BDNF was significantly
reduced by TrkB siRNA, but to a much smaller extent by p75NTR siRNA,
suggesting a major role for the high-affinity receptor. Furthermore, sup-
pression of the receptor for TNF-� (TNFR1) also reduced BDNF effects.
Scramble (nonsense) siRNAs did not significantly alter the effects of BDNF
on proliferation. Values are mean � S.E. * indicates significant siRNA
effect compared to vehicle (Lipofectamine) control; # indicates significant
BDNF effect (P � 0.05). n 	 4 individuals for each set and condition, with
summary of quadruplicate measurements within each set/conditions.
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ASM [4,13]. Accordingly, these siRNA effects may reflect baseline
NT expression (including BDNF and NT3). Indeed, treatment of
ASM cells with 1 �g/ml TrkB-Fc chimeric molecule (BDNF chela-
tor; Sigma-Aldrich) inhibited basal cell proliferation to extents
similar to that induced by TrkB siRNA (Fig. 3; P � 0.05 compared
to control). Chelation of other NTs was not examined.

Inhibition of TrkB expression completely abolished BDNF-
induced increase in human ASM cell proliferation, compared to
Lipofectamine control (Fig. 3; P � 0.05 for siRNA effect).
Inhibiting TrkC had only a small effect on proliferation in the pres-
ence of BDNF (likely reflecting continued baseline NT3 expres-
sion). siRNA inhibition of p75NTR expression also had only
slightly (but significantly) blunted BDNF effects (Fig. 3; P � 0.05).
Chelation with TrkBFc was not an appropriate experiment in the
presence of exogenous BDNF. Furthermore, BDNF and TNF-�
appear to interact in terms of their effects on ASM cell prolifera-
tion. The effects of BDNF on cell proliferation were significantly
reduced by siRNA suppression of TNFR1 (TNF-� receptor).

Signalling cascades
As mentioned earlier, NTs such as BDNF can potentially activate a
number of intracellular signalling cascades. Given that NT-acti-
vated cascades are species and cell-type specific, it was first nec-
essary to establish which mechanisms were relevant to human
ASM. Previous studies have implicated the MAP kinase and
PI3/Akt pathways in airway remodelling [25,28–30]. These path-
ways are also known to be activated by cytokines [31,32].
Accordingly, we initiated our studies with these cascades.

Western analysis of lysates of cells treated with BDNF, TNF-�,
IL-13 or PDGF showed substantial (P � 0.05 compared to con-
trol) enhancement of Akt1 phosphorylation (with no change in
total Akt1 levels) with these stimuli (Fig. 4). The effect of BDNF, 
IL-13 and PDGF were comparable, but less than that of TNF-�
(Fig. 4; P � 0.05). Expression of total ERK1/2 was not substan-
tially altered by any of the four stimuli. However, phosphorylation
of ERK1/2 was significantly (P � 0.05) increased by all stimuli,
albeit to different extents: BDNF had significantly less effect com-
pared to TNF-�, IL-13 or PDGF (Fig. 4; P � 0.05).

Based on enhanced pERK1/2 and pAkt1, we explored putative
upstream and downstream signalling intermediates that could be
involved in BDNF enhanced proliferation. Inhibition of ERK (2.5
�M ERK inhibitor peptide), the upstream Raf kinase (10 nM Raf
kinase inhibitor peptide) and MEK (2.0 �M PD98059), or the
downstream p90 ribosomal S6 kinase (RSK; 100 nM of inhibitor
SL0101) resulted in substantial blunting of proliferation induced
by BDNF, TNF-�, IL-13 or PDGF (Fig. 5; P � 0.05 for inhibitor
effect). Similarly, inhibiting PI3 kinase with 50 nM wortmannin or
Akt with 500 nM inhibitor peptide XIII also resulted in decreased
proliferation of ASM cells (Fig. 5; P � 0.05).

Signalling via PI3K and Akt1 can either proceed towards a �-
catenin-mediated cell cycle stimulation or activate the I�B kinase
IKK, which in turn promotes phosphorylation and degradation of
I�B, thus enabling the subunits of the transcription factor NF-�B to
localize to the nucleus [33,34]. Previous studies have suggested

that NTs such as NGF can activate the NF-�B pathway [35–37]. In
human ASM cells, inhibition of IKK or NF-�B resulted in signifi-
cantly reduced proliferation by BDNF, TNF-� and IL-13, whereas
PDGF-induced proliferation was largely unaffected (Fig. 6).

Fig. 4 Effect of BDNF on Akt1 and ERK1/2. Western analysis of human
ASM cell lysates exposed to BDNF, IL-13, PDGF or TNF-� demonstrated
significant phosphorylation of both Akt1 and ERK1/2 by all four stimuli
(compared to untreated controls), with no change in total Akt1 or ERK1/2
expression. The effect of BDNF on Akt1 phosphorylation was comparable
to that of IL-13 and PDGF, but less than that of TNF-�. Effect of BDNF on
ERK1/2 phosphorylation was substantially lesser than the other three stimuli.
Values are mean � S.E. * indicates significant stimulus effect compared 
to control; #indicates significant difference from BDNF (P � 0.05). n 	 3
individuals for each set and condition.
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To fully understand the role of NF-�B in BDNF-induced prolif-
eration, we immunoblotted cytoplasmic and nuclear extracts from
BDNF-, TNF-�– or IL-13–treated cells with antibodies against NF-
�B subunits p65 and p50. When not activated, NF-�B subunits are
sequestered in the cytoplasm by I�B; activation signals enhance
the phosphorylation and the subsequent proteasomal degradation
of I�B and the release of NF-�B subunits p65 and p50. In lysates
from cells treated with BDNF, TNF-� or IL-13, I�B expression was
attenuated whereas levels of phospho-I�B were augmented (Fig. 6),
bolstering the idea that proliferative signals issued by stimuli 
such as BDNF induce NF-�B nuclear translocation. Cytoplasmic
levels of p65 and p50 were not altered by BDNF, TNF-� or IL-13;

however, BDNF caused a moderate increase in nuclear p65 (less
so for p50), albeit less than that induced by TNF-� (Fig. 6; P �

0.05 compared to control, and for difference between BDNF and
TNF-�). Nuclear localization of NF-�B subunits by BDNF or TNF-�
or IL-13 was blocked by pre-treatment with 20 �M SN-50, a
known NF-�B inhibitor (Fig. 6; P � 0.05 for inhibitor effect).

Finally, applying gel mobility shift assay (EMSA) to ASM
nuclear extracts, we confirmed that NF�B is involved in ASM pro-
liferation in response to BDNF, TNF-� or IL-13 by acting as a tran-
scriptional regulator. NF-�B consensus oligonucleotide sequence
exhibited a shift in mobility (Fig. 7, arrow) when in association
with nuclear extracts from BDNF, IL-13 or TNF-�–treated cells, but
not when mixed with the extract from PDGF-treated cells. The
specificity of this DNA–protein binding was evident when a com-
peting unlabeled oligonucleotide included in the reaction mix
caused significant decrease in the mobility shift.

BDNF interactions with cytokines
Based on the above data suggesting common mechanisms of
action of BDNF versus the other agents tested here, we deter-
mined whether BDNF has additive or potentiating effects when the
latter are present. ASM cells were exposed first to TNF-�, IL-13 or
PDGF, with BDNF added midway at 24 hrs. The presence of BDNF
resulted in additive effects for cell proliferation induced by all three
agents to comparable extents, but no potentiation was observed
(Fig. 8; P � 0.05 for BDNF effects compared to no BDNF being
present when any of TNF-�, IL-13 or PDGF are present).

Discussion

Airway remodelling is an important aspect of several diseases
including asthma and COPD. Regulation of ASM cell population
(hyperplasia or hypertrophy) can occur via a number of mecha-
nisms including cytokines derived from neighbouring cells
[38,39], as well as extracellular matrix–derived growth factors
[40,41]. In this regard, the presence of NTs (which are well-known
to be neuronal growth factors) within the lung [4,5] raises the
exciting possibility that airway remodelling involves NTs. The
results of this study are the first to demonstrate that the NT BDNF
(previously shown to be present in human airway [15,16])
enhances human ASM cell proliferation to levels comparable to
that induced by potent growth factors such as PDGF and pro-
inflammatory cytokines such as TNF-� and IL-13 relevant to air-
way disease. Furthermore, our study demonstrates that BDNF
activates specific cell growth and survival signalling pathways
such as ERK1/2, PI3/Akt and NF-�B that overlap with cytokine and
growth factor signalling. Accordingly, we believe that BDNF,
derived from potentially multiple sources in the lung (including
ASM itself) can serve to work with cytokines to influence ASM
proliferation and function, thus contributing to airway hyperre-
sponsiveness in diseases such as asthma.

Fig. 5 Effect of inhibiting MAP kinase and PI3/Akt pathways on BDNF
effects. Details of individual inhibitors is provided in Materials and Methods
section and in specific protocols of Results section. Inhibition of the
upstream (RAF kinase, MEK) and downstream (RSK) intermediates as well
as ERK1/2 itself resulted in substantial reduction in BDNF-induced cellular
proliferation. As expected, TNF-� and IL-13 effects were also affected by
these inhibitors, albeit to different extents. Similarly, inhibition of PI3K and
Akt suppressed BDNF-induced cellular proliferation to a greater extent than
for TNF-� or IL-13. * indicates significant stimulus effect compared to con-
trol; # indicates significant inhibitor effect (P � 0.05). n 	 4 individuals for
each set and condition. Quadruplicate measurements of proliferation and
triplicate Western analyses per individual/set/condition.
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Fig. 6 Role of NF-�B in BDNF effects on ASM cells. Inhibition of I�B as well as of NF-�B resulted in substantial reduction in BDNF-induced ASM cell pro-
liferation, comparable to inhibitor effect when cells were exposed to TNF-� or IL-13 (A). BDNF exposure resulted in nuclear translocation especially of the
p65 subunit of NF-�B, albeit not the same extent as with the p50 and p65 subunits in TNF-�–exposed cells, effects suppressed by the NF-�B inhibitor
SN50 (B). PDGF did not appear to work through this mechanism. Similarly, exposure to BDNF was associated with increased I�B phosphorylation to
extents comparable to that by cytokines (while PDGF did not have much effect; C). * indicates significant stimulus effect compared to control; # indicates
significant inhibitor effect (P � 0.05). n 	 4 individuals for each set and condition. Quadruplicate measurements of proliferation and triplicate Western
analyses per individual/set/condition.

Fig. 7 BDNF induces NF-�B activation that binds to target genes. Gel mobility shift assay showed NF-�B consensus binding to DNA in human ASM cells
stimulated with BDNF, at levels comparable to that achieved by TNF-�. Representative sample of data from n 	 3 individuals.



820 © 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

NTs such as BDNF have been extensively studied in the nerv-
ous system [7–9]. When cleaved extracellularly, secreted BDNF
specifically binds to high-affinity TrkB receptors (especially the
full-length form that is key to biological activity) [37,42], as well
as the low-affinity pan-NT p75NTR receptor. Both receptors acti-
vate multiple, distinct signalling pathways including ERK,
PI3K/Akt, phospholipase C, and in the case of p75NTR (a member
of the TNF receptor family) NF-�B [37,42].

There is now considerable evidence (including our own 
studies) that NTs and their receptors are present in the lung.
Specifically, BDNF is produced by airway epithelium, sensory
innervation to the airway, ASM itself, and immune cells known to
be involved in airway diseases (see Refs. 4–6 for review). BDNF
and receptor expression have been found to be increased in
blood, tissue and lung lavages of asthma, allergy and even lung
cancer [4,6]. Based on these observations, a role for BDNF has
been suggested in airway inflammation, remodelling and hyper-
reactivity [18,19], but the mechanisms of action are still under
investigation. Here, ASM cells themselves can be both a potential
source [13,16], as well as a target [15,16], with effects being
mediated via TrkB as well as p75NTR [13,15]. From a functional
standpoint, we recently reported that that BDNF acutely (within
30 min.) enhances [Ca2�]i and force responses of human ASM to
agonists such as acetylcholine [16]. Other studies have also
demonstrated that NTs (potentially derived from nerves) can
influence airway tone [43,44]. Whether NTs also modulate ASM
proliferation was not known, and this study is the first to demon-
strate such an effect.

This study found that BDNF induces significant cellular prolif-
eration, as demonstrated by the proliferation marker PCNA, meas-
urement of DNA content and cell cycle phase analysis. We used
ASM cells isolated from human airways and maintained in culture,
albeit limiting the subcultures. Furthermore, initial ASM maturity
(in the absence of serum) was confirmed by low proliferation (qui-

escent state) with increased expression of contractile proteins
such as smooth muscle �-actin (sm-�-actin), calponin and
smooth muscle myosin heavy chain (sm-MHC) [31,41]. The
switch to a proliferative state involves ERK activation, biasing cells
toward a less contractile phenotype and PI3K pathway associated
with decreased contractility [45]. Such events usually occur in the
presence of serum, which contains growth factors including (per-
haps) NTs. Accordingly, we felt it important to determine the effect
of exogenous BDNF on cell proliferation in the absence of serum.
Although this likely decreased the overall extent of ASM prolifera-
tion, it is still remarkable that BDNF produced significant increases
in proliferation, comparable to that induced by mitogens such as
PDGF or TNF-�. Accordingly, it is likely that the effect of BDNF on
ASM cell proliferation in vivo is even greater.

Enhanced ASM proliferation by BDNF builds on our previous
report on enhanced [Ca2�]i in ASM by BDNF [15]. Modulation of
[Ca2�] has long been known to persuade cells to enter a prolif-
erative state, and is thought to be relevant to ASM as well
[46–48], and may involve several [Ca2�]i regulatory mecha-
nisms. Here, store-operated Ca2� influx appears important
[47,49], a mechanism we have previously demonstrated to be
enhanced by BDNF in human ASM [16]. Whether this is achieved
by increased expression of Ca2� regulatory proteins remains to
be determined.

BDNF effects on ASM cell proliferation appear to involve TrkB,
but not p75NTR. Here, an interesting observation was that even
though p75NTR siRNA did not significantly affect BDNF-induced
proliferation, in cells not stimulated with BDNF (i.e. controls), all
of TrkB, TrkC and p75NTR siRNAs reduced proliferation to below
baseline. We interpret this data as there being a basal secretion
of NTs (BDNF and NT3) that have autocrine/paracrine effects via
their respective receptors to produce a background level of pro-
liferation. NTs other than BDNF (e.g. NT3) may be activating
p75NTR, and thus p75NTR siRNA reduces proliferation. However,
in the presence of exogenous BDNF (which is acting only via
TrkB), other NTs may still be present, and may account for the
small reduction in proliferation in the presence of TrkC or p75NTR
siRNA. More detailed examination (beyond the scope of this
study) is required to determine the role of (and interaction
between) different NTs in basal ASM proliferation, and the sig-
nalling mechanisms involved.

The downstream effectors of TrkB signalling have been previ-
ously established in cell types other than ASM [37] and involve
PI3/Akt (enhancing cell survival) and ERK1/2 via upstream
kinases. Both of these major cascades appear to be important in
BDNF-induced ASM proliferation, demonstrated by the effects of
pharmacological inhibitors for the various signalling intermedi-
ates. Activation of ERK1/2 suggests involvement of CREB-medi-
ated gene regulation, an important aspect of ASM proliferation
[50,51]. Although this study stopped short of examining CREB
phosphorylation per se, studies in other cell types have demon-
strated the importance of this transcription factor in mediating NT
effects [52].

Activation of NF-�B also appears to be important in mediat-
ing BDNF effects on cellular proliferation. NF-�B activation is

Fig. 8 BDNF interactions with cytokines. When ASM cells were exposed first
to TNF-�, IL-13 or PDGF, with BDNF added midway at 24 hrs, cell prolifera-
tion was even greater compared to that when BDNF was absent. This addi-
tive (but not potentiating) effect of BDNF was comparable for all three agents.
* indicates significant stimulus effect compared to control; # indicates sig-
nificant BDNF effect (P � 0.05). n 	 4 individuals for each set and condition.
Quadruplicate measurements of proliferation per individual/set/condition.
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typically associated with p75NTR signalling. Accordingly, this
result was somewhat surprising because p75NTR siRNA did not
substantially influence BDNF-induced cell proliferation. However,
the strong involvement of PI3/Akt in BDNF effects suggests an
alternative route for NF-�B activation. Thus, the PI3/Akt pathway
may be particularly important in mediating BDNF effects on cel-
lular proliferation.

In this study, we chose to compare BDNF effects with a rou-
tinely used mitogen (PDGF) and two cytokines of importance in
the airway. Although the list of pro- and anti-inflammatory medi-
ators in the airway is ever expanding, one well-studied cytokine
is TNF-� [53–55]. TNF-� is known to activate MAP kinases, 
NF-�B and other transcription factors that are involved in cell
proliferation [20,32,56–58]. Finally, TNF-� itself stimulates ASM
cells to release other cytokines which can further ASM prolifera-
tion [59,60]. Th2 cytokines such as IL-13 are also recognized as
key to asthma [61], activating MAP kinases, PI3K/Akt and NF�B,
and enhancing proliferation of different airway cell types. We
previously showed that TNF-� increases expression of BDNF and
TrkB in human ASM [15], with BDNF and TNF-� having synergis-
tic enhancing effects on [Ca2�]i and force responses to agonists.
Based on this idea, we examined interactions between cytokines
and BDNF in ASM proliferation, but found only additive (and not
synergistic) effects. Although more detailed studies are required,
these data do suggest that in the presence of inflammation,
BDNF, working via several signalling mechanisms (even those
common to cytokines), may additionally contribute to ASM pro-
liferation, as represented in our model (Fig. 9). Such effects
could contribute to altered airway structure and function, and
thus airway responsiveness.

In conclusion, this study is the first to report that physiologi-
cally relevant levels of BDNF induce substantial proliferation of
human ASM cells, comparable to that by pro-inflammatory
cytokines such as TNF-� and IL-13 which are important in the
pathogenesis of asthma. Here, BDNF works via signalling mecha-
nisms common to these cytokines, and may thus by itself (or in
combination with other mediators), contribute to the pro-inflam-
matory environment of the airway.
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Fig. 9 Schematic of the role of BDNF in 
ASM cell proliferation. In human ASM cells,
exposure to BDNF results in binding to the
high-affinity TrkB receptor that activates 
the PI3/Akt and ERK1/2 pathways. PI3/Akt
further stimulates nuclear translocation of
NF-�B, which binds to promoters of genes
involved in cellular proliferation. BDNF 
activation of the low-affinity p75NTR recep-
tor may lead to other, non-proliferative
effects in ASM.
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