
Development/Plasticity/Repair

A Shh/miR-206/BDNF Cascade Coordinates Innervation and
Formation of Airway Smooth Muscle

Kelsi Radzikinas,* Linh Aven,* Zhihua Jiang,* Thanh Tran, Jesus Paez-Cortez, Karthik Boppidi, Jining Lu, Alan Fine,
and Xingbin Ai
The Pulmonary Center, Department of Medicine, Boston University School of Medicine, Boston, Massachusetts 02118

Dysfunctional neural control of airway smooth muscle (ASM) is involved in inflammatory diseases, such as asthma. However, neurogen-
esis in the lung is poorly understood. This study uses mouse models to investigate developmental mechanisms of ASM innervation, a
process that is highly coordinated with ASM formation during lung branching morphogenesis. We show that brain-derived neurotrophic
factor (BDNF) is an essential ASM-derived signal for innervation. Although BDNF mRNA expression is temporally dissociated with ASM
formation and innervation, BDNF protein is coordinately produced through post-transcriptional suppression by miR-206. Using a
combination of chemical and genetic approaches to modulate sonic hedgehog (Shh) signaling, a pathway essential for lung branching and
ASM formation, we show that Shh signaling blocks miR-206 expression, which in turn increases BDNF protein expression. Together, our
work uncovers a functional cascade that involves Shh, miR-206 and BDNF to coordinate ASM formation and innervation.

Introduction
The respiratory tract, which consists of the trachea, bronchi, and
lung, is innervated by two types of neurons that are distinguished
by the location of their cell bodies. Intrinsic neurons have cell
bodies clustered along the smooth muscle stripe in the trachea
and major bronchi (Myers et al., 1990; Undem et al., 1990;
Weichselbaum and Sparrow, 1999; Tollet et al., 2001; Langsdorf
et al., 2011). These neurons have short axons that innervate
nearby targets (Weigand and Myers, 2010). In contrast, cell bod-
ies of extrinsic neurons are located in jugular/nodose ganglia,
dorsal root ganglia, and sympathetic ganglia, while their axons
extend into the lung to innervate airway smooth muscle (ASM)
and neuroendocrine cells (Adriaensen and Scheuermann, 1993;
Canning, 2006).

Neural innervation of the respiratory tract plays a key role in
physiological reflexes, such as coughing, and regulates smooth
muscle tone (Canning, 2006; Kc and Martin, 2010). In addition,
neural inputs to neuroendocrine cells may be involved in regen-
eration of airway epithelium after injury (Reynolds et al., 2000).
Furthermore, changes in innervation are associated with the de-

velopment of airway diseases (Undem et al., 2000; Kerzel et al.,
2003; Joos, 2001).

Our previous studies in mouse demonstrate that the glial cell
line-derived neurotrophic factor (GDNF) family is essential for
intrinsic neurogenesis (Langsdorf et al., 2011). Intrinsic neurons
not only respond to members of the GDNF family in culture, they
also require GDNF family for survival, as the number of intrinsic
neurons is diminished by genetic disruption of GDNF family
signaling (Tollet et al., 2002; Langsdorf et al., 2011). In contrast,
ASM innervation in the distal lung remains unaffected in GDNF
family mutants, indicating that the lung is primarily innervated
by extrinsic neurons that require a different neurogenic signal.

Sonic hedgehog (Shh) signaling is required at the tip of lung
bud for branching and in the stalk to induce mesenchyme speci-
fication into ASM (Cardoso and Lü, 2006; Morrisey and Hogan,
2010). Shh is expressed in the lung epithelium and signals to the
neighboring mesenchyme by binding to its receptor Patched.
Upon binding, Shh triggers a cascade of signaling events that
involves activation of Smoothened, transcription factor Glis, and
expression of target genes, such as Gli1 and Patched-1.

The early smooth muscle marker, �-smooth muscle actin
(SMA), appears in the major bronchi but not in the rest of lung
buds at embryonic day (E)12.5, when axons are identified within
the major bronchi but do not extend into the lung (Tollet et al.,
2001; Langsdorf et al., 2011). At E13.5, axons extend into the
distal lung and are found in approximation with developing
ASM. Axons continue to grow and elaborate into a complex neu-
ral network during later embryonic stages (Tollet et al., 2001).
The temporal and spatial coupling between axon outgrowth and
ASM formation suggest that an ASM-derived neurotrophic fac-
tor coordinates these two processes.

Here, we investigate molecular mechanisms that coordinate
ASM innervation and formation. We identified brain-derived
neurotrophic factor (BDNF) as an essential ASM-derived trophic
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factor for innervation and uncover a functional interaction be-
tween Shh signaling and BDNF expression via miR-206.

Materials and Methods
Mice. Dermo1-Cre line (stock number: 008712), Rosa(SmoM2) line,
which carries the constitutive active SmoM2 allele in the ROSA26 locus
(stock number: 004339), BDNF�/ � line (stock number: 002266), and
Ptc1lacZ/� line (stock number: 003081) were purchased from The Jackson
Laboratories. The SMA-HrGFP transgenic line, in which a green fluorescent
protein (hrGFP) is expressed under control of the rat �-SMA promoter, was
generated at Boston University School of Medicine, Boston, MA (Ghosh et
al., 2011). The miR-206�/� line was kindly provided by Dr. Eric Olson at
University of Texas Southwestern Medical Center, Dallas, TX (Williams et
al., 2009). For timed pregnancy, male and female mice were mated overnight
and the morning of finding the vaginal plug was considered as E0.5. Embryos
of either sex were used in our experiments. All animal studies were approved
by the Institutional Animal Care and Use Committee at Boston University
Medical Campus, Boston, MA.

Histology and immunohistochemistry. The lungs were fixed in 4% parafor-
maldehyde/PBS at 4°C overnight. After cryoprotection in 30% sucrose/PBS,
10 �m sections were collected. Sections were blocked for 1 h in antibody
dilution buffer (3% BSA, 10% goat serum, 2% horse serum, and 0.1% Triton

X-100 in PBS) and primary antibody applied for 2 h at room temperature or
overnight at 4°C. Antibodies against nerve growth factor (NGF) family
members were purchased from Santa Cruz Biotechnology, including rabbit
anti-NGF (1:100, sc-548), BDNF (1:100, catalog no. sc-546), NT3 (1:50,
catalog no. sc-547), and NT4 (1:50, catalog no. sc-545). Other primary anti-
bodies include biotinylated TuJ1 antibody against neuron-specific class III
�-tubulin (1:200, BAM1195, R&D Systems) and mouse anti-smooth muscle
actin (1:500, MS-113, Thermo Scientific). Antigen-antibody complexes
were detected either by fluorescence or by chromogenic substrates. Fluores-
cently labeled whole lungs were imaged using a Zeiss Axiovert 100M LSM
510 equipped with an argon and two HeNe lasers. Compressed, Z-stack and
titled confocal images were presented. To quantify innervation density, ad-
jacent lung sections were immunolabeled with the TuJ1 and SMA antibod-
ies. Immunoreactive areas within a section were measured using NIH
ImageJ, and the ratio between the TuJ1� area and the SMA� area was
calculated as innervation density. X-gal staining to detect �-galactosidase
expression in Ptc1lacZ/� embryos was performed as described previously
(Langsdorf et al., 2011).

Lung organ culture. Lungs were dissected from E11.5 mouse embryos
and maintained at air-medium interface on Transwell inserts (Langsdorf
et al., 2011). Embryonic lung organ cultures were treated with cyclo-
pamine (0.5 �M, Calbiochem, catalog no. 239804) and SAG (Smooth-

Figure 1. BDNF is essential for the innervation of ASM. A, Immunohistochemistry to analyze the expression of the NGF family members in the E14.5 lung. Arrows point to ASM that is
immunolabeled with the BDNF or NT4 antibody. Asterisk marks a blood vessel. Notably, the vascular smooth muscle (marked by an arrow) also expresses BDNF, while endothelial cells are not labeled
by the BDNF antibody. B, Whole-mount TuJ1 immunolabeling of axons within the left lobe of wild-type and BDNF �/ � embryos at E14.5. Inserts show enlarged images of TuJ1 immunolabeling of
the distal lung. C, Immunolabeling of TuJ1 � axons and SMA � ASM in wild-type and BDNF �/ � lungs at E16.5. Arrows point to TuJ1-immunoreactive axons that are in the proximity of the ASM.
D, Quantification of ASM innervation density (TuJ1 � area/SMA � area) at E16.5. Data represent mean and SEM of quantification from 15 nonoverlapping sections, 5 from each timed embryos; *p �
0.023. E, BDNF deficiency has no effect on intrinsic neurons. Intrinsic neurons in the main bronchi at E16.5 were immunolabeled with the TuJ1 antibody. Similar to wild-type controls, BDNF �/ �

embryos have clusters of the cell bodies of intrinsic neurons (pointed by arrowheads) in the major bronchi without significant difference in their abundance. Scale bars, 50 �m. All images represent
results from three age-matched embryos.
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ened Agonist, 1 �g/ml, Calbiochem, catalog no. 566660) for 48 h before
protein and gene expression analysis.

Constructs and luciferase assay. The 1.5 kb BDNF 3�-UTR was
cloned by reverse transcription (RT)-PCR and then inserted down-
stream of firefly luciferase gene in psiCHECK-2 vector (Promega)
using XhoI/NotI cuts. miR-206 and a mutant miR-206 with a deleted
seed sequence (miR-206mut) were cloned into a lentiviral vector pLVTHM
using SpeI restriction enzyme cut site. 293T cells were transfected with the
psiCHECK-2_BDNF 3�-UTR and miR-206 using FuGENE 6 transfection
reagent (Roche), and luciferase activity was measured by dual luciferase assay
following manufacturer’s protocol (Promega). miR-206 was cloned by PCR
using following primers: forward primer: 5�-GGACTAGTGGTCCTTGAT
CTCAGACTGAA-3�; reverse primer: 5�-GGACTAGTAGCCATATGAGC
AGAGGAA-3�.

miRNA array. Affymetrix GeneChip miRNA array was used for
miRNA profiling in control and cyclopamine-treated lung organ cul-
tures. Array and result analyses were performed by Boston University
Microarray Facility with an on-site biostatistician. The Affymetrix
miRNA QC tool was used for background subtraction, calculation of
detection p value, and array normalization. Briefly, background signals
generated by anti-genomic probes with similar GC content are used for
background subtraction for those miRNA probes with the same GC con-
tent. Detection p value for each specific probe was calculated based on a
Wilcoxon Rank-Sum test of the miRNA probe set signals compared to
the distribution of signals from GC content-matched anti-genomic
probes. To address the variation of each chip (each experiment), quintile
normalization approach will be used to normalize probe intensities
across chips. Experiments were performed in triplicate. A two-sample t
test was performed to identify upregulated miRNA expression in
cyclopamine-treated cultures (p � 0.05 was considered significant).

In situ hybridization. In situ hybridization to detect BDNF mRNA and
miR-206 expression was performed on 15 �m frozen sections using
digoxigenin-labeled antisense RNA probe and LNA (locked nucleic acid)
probe (Exiqon), respectively. The detailed protocol was described previously
(Ai et al., 2007; Obernosterer et al., 2007). To generate the antisense probe for
BDNF mRNA, a 126 bp DNA fragment was cloned into pGEM-T vector
(Promega) after RT-PCR using the following primers: BDNF_forward: 5�-
CCACTGCCGGGGATCCGAGA-3�; BDNF_reverse: 5�TTTCATGGGC
GCCGCCTTCA-3�.

Quantitative RT-PCR. Lungs were collected for RNA isolation using
RNeasy Mini Kit (Qiagen). To quantify BDNF mRNA levels, total RNA (1

�g) was reverse transcribed using SuperScript III First-Strand Synthesis Su-
perMix (Invitrogen). Quantitative PCR was performed using Power SYBR
Green PCR Master Mix (Applied Biosystems) and StepOnePlus Real-Time
PCR System. The relative level of BDNF mRNA expression was calculated by
normalizing to �-actin mRNA using �Ct (cycle threshold difference). Prim-
ers used in PCR are as follows: BDNF_forward: 5�-CCACTGCCGGGGAT
CCGAGA-3�; BDNF_reverse: 5�-TTTCATGGGCGCCGCCTTCA-3�;
�-actin_forward: 5�-GCAGCTCCTTCGTTGCCGGT-3�; �-actin_reverse:
5�-TACAGCCCGGGGAGCATCGT-3�.

To quantify miR-206 levels, 10 ng of RNA was subjected to reverse
transcription using the TaqMan Micro-RNA Reverse Transcription Kit
(Applied Biosystems). TaqMan MicroRNA assays (Applied Biosystems)
were used for quantitative RT-PCR. Relative level of miR-206 expression
was calculated by normalizing to U6 using �Ct. Each experiment was
performed in triplicate.

Western blot analysis. Embryonic lungs were homogenized in RIPA
buffer containing proteinase inhibitor (Roche Diagnostics) using Pow-
erGen 125 (Fisher Scientific). Cell lysates were collected and mixed with
an equal volume of 2� Laemmli buffer. Proteins in the cell lysate (20 �g)
were separated by NuPAGE Bis-Tris gels (12%, Invitrogen) before trans-
ference onto Hybond-ECL nitrocellulose membrane (GE Healthcare).
Membranes were blocked with 5% BSA for an hour and incubated with
primary antibodies (rabbit anti-BDNF (1:500, H-117, catalog no. sc-
20981), rabbit anti-GAPDH (1:100,000, Ab8245, Abcam) in 2.5% BSA
overnight at 4°C. After washing, the membrane was incubated in the
secondary antibody followed by detection with ECL reagents.

Statistical analysis. The Student’s t test was used for all analyses.

Results
BDNF is required for ASM innervation
The NGF family plays essential roles in neural innervation of
target tissues (Tucker et al., 2001; Ginty and Segal, 2002). To
identify neurotrophic factors that are required for ASM innerva-
tion, we characterized the expression of the NGF family in the
embryonic lung. We found that BDNF was expressed selectively
by ASM and vascular smooth muscle cells at E14.5, while NGF
and neurotrophin 3 (NT3) were not detected (Fig. 1A). Neu-
rotrophin 4 (NT4), which binds to the same high affinity TrkB
receptor as BDNF, is also expressed by ASM but is restricted to
proximal airways (Fig. 1A).

Figure 2. Temporal expression of BDNF mRNA and protein in the embryonic lung. A, Analysis of the temporal expression of BDNF in the developing lung between E11.5 and E15.5 by Western blot
analysis. B, Relative levels of BDNF protein were quantified by normalizing to the GAPDH internal control; **p � 0.007, *p � 0.03. C, Temporal quantification of BDNF mRNA levels by quantitative
RT-PCR using �-actin mRNA as internal control; *p � 0.04. D, In situ hybridization to detect BDNF mRNA expression in E12.5 and E13.5 lungs. Lung epithelium is outlined by dotted lines. The sense
probe was used as a control for background signal; n.s., Not significant. Data represent mean and SEM of three independent experiments.
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To investigate the role of BDNF in
ASM innervation, we compared neuro-
genesis in wild-type and BDNF�/ � lungs
by immunohistochemistry using a TuJ1
antibody that recognizes the pan neuronal
�-tubulin marker. BDNF deficiency had
no effect on lung branching morphogen-
esis or the expression of SMA by ASM
(Fig. 1B,C). However, compared to wild-
type lungs, BDNF�/ � lungs exhibit a sig-
nificant reduction in the outgrowth and
branching of axons, as shown by TuJ1 im-
munolabeling of the whole left lung lobes
of E14.5 embryos and mid-lung sections of
E16.5 embryos (Fig. 1B,C). We quantified
ASM innervation density by-calculating the
ratio between TuJ1 immunoreactivity and
SMA immunoreactivity in E16.5 lung sec-
tions. BDNF�/� lungs had �50% reduc-
tion in ASM innervation density compared
to that of wild-type controls (Fig. 1C,D),
demonstrating that BDNF is an essential
target-derived neurotrophic factor for ASM
innervation. Notably, residual innervation
in BDNF�/� lungs is mostly detected in the
proximal airway where NT4 is expressed
(Fig. 1A,B), suggesting that NT4 plays a
partially redundant role in ASM innerva-
tion (García-Suárez et al., 2009). In addi-
tion, the intrinsic neurons in the main
bronchi were not affected in BDNF�/� em-
bryos (Fig. 1E). This observation provides
further evidence that distinct signals are re-
quired for intrinsic and extrinsic neurogen-
esis in the respiratory tract, and that intrinsic
neurons contribute little to ASM innerva-
tion in the distal lung.

BDNF expression is regulated
post-transcriptionally
To determine whether BDNF expres-
sion is temporally associated with axon
outgrowth, we analyzed BDNF protein
level in the lung between E11.5 and
E15.5 by Western blot analysis. BDNF
protein is undetectable until E12.5, when SMA expression is
initiating in the lung bud (Tollet et al., 2001; Langsdorf et al.,
2011). At E13.5, BDNF protein is detected in the lung, and the
level peaks around E14.5 (Fig. 2 A,B). Therefore, BDNF pro-
tein expression is temporally coordinated during ASM forma-
tion and initiation of axon outgrowth into the lung.

The dynamics of BDNF mRNA expression differ from those of
the protein in the developing lung. Quantitative RT-PCR assays
showed that BDNF mRNA is detectable as early as E11.5. The
relative level of BDNF mRNA is reduced at E14.5 and E15.5 com-
pared to earlier embryonic stages (Fig. 2C). We confirmed BDNF
mRNA expression in the lung mesenchyme at E12.5 and in ASM
at E13.5 by in situ hybridization (Fig. 2D). The dissociation be-
tween the time courses of BDNF protein expression and mRNA
expression suggests that a post-transcriptional mechanism re-
presses BDNF protein production before the formation of ASM
and innervation.

Shh signaling promotes BDNF expression via a
post-transcriptional mechanism
Shh signaling is required for ASM development (Litingtung et al.,
1998; Pepicelli et al., 1998). We assayed Shh signaling activity in
the embryonic lung by X-gal staining of a reporter Ptc1lacZ/� line
(Goodrich et al., 1997). Shh signaling is active in the lung mesen-

Figure 3. Shh signaling post-transcriptionally activates BDNF expression in lung organ cultures. A, Shh signaling in the lung
mesenchyme and ASM in the embryonic lung assayed by X-gal staining of Ptc1LacZ/� mouse embryos followed by immunolabeling
with the SMA antibody to detect ASM. Shh signaling is activated in the progenitors of ASM before SMA expression at E12.5 and
persists at E13.5 and E14.5 in the SMA � ASM. B–E, E11.5 lung cultures were cultured in the presence of DMSO as control (Ctrl), 0.5
�M cyclopamine (Cycl, inhibitor), or 1 �g/ml SAG (agonist) for 48 h before morphological and gene expression analysis. Cyclo-
pamine and SAG differentially affects lung branching morphogenesis in B and mRNA expression of Shh target genes in C. BDNF
protein and mRNA expression in lung explants were analyzed by Western blot in D and quantitative RT-PCR in E, respectively. Data
represent mean and SEM of results from three independent experiments.

Table 1. miRNAs whose expression was induced by cyclopamine treatment in lung
organ cultures

miRNA Fold of change

miR-125b-3p 2.11
miR-694 4.44
miR-206 7.51
miR-697 8.26
miR-764-5p 9.23

Embryonic lung organ cultures were treated with DMSO control or 0.5 �M cyclopamine for 48 h followed by RNA
isolation and miRNA profiling. miRNAs with more than 2-fold increase in expression by cyclopamine and greater
than p � 0.05 were considered significant.
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chyme at E12.5, before SMA expression, and persists in ASM up
to E16.5 (Fig. 3A) (Bellusci et al., 1997). Based on our finding that
BDNF protein expression is temporally associated with ASM for-
mation (Fig. 2A), we speculated that Shh signaling may regulate
BDNF expression. To test this hypothesis, we perturbed the Shh
signaling activity by small molecule compounds and assessed the
effect of these perturbations on BDNF expression in lung organ

cultures. Lungs were dissected from E11.5 embryos and cultured
in an air–media interface for 48 h before protein and total RNA
were extracted for Western blot analysis and quantitative RT-
PCR. Compared to the DMSO control, treatment with cyclo-
pamine (0.5 �M), which blocks Shh signaling (Fig. 3B,C),
diminished BDNF protein level by 	7-fold (Fig. 3D). In contrast,
treatment with the Shh signaling agonist SAG (1 �g/ml) (Fig.

Figure 4. Shh signaling represses miR-206 expression. A, Quantification of miR-206 level in lung explants that were treated with DMSO control (Ctrl), cyclopamine (Cycl), or SAG by qPCR; **p �
0.01. B, In situ hybridization to detect miR-206 expression in the embryonic lungs at E12.5, E13.5, and E15.5. Images show miR-206 signal after 4 h of color development at 37°C. Inset in the E15.5
image shows miR-206 signal in the lung mesenchyme after additional overnight color development. Scale bar, 50 �m. C, Quantitative PCR to assay miR-206 expression in sorted GFP � cells and
control GFP � cells from lungs of SMA-hrGFP transgenic mice at E13.5 and E15.5. D, Quantitative PCR to assess the expression of Gli1 and Patched 1, two target genes of Shh signaling, and miR-206
in the lung of Dermo1-Cre;Rosa(SmoM2) embryos at E16.5. Littermates that were Dermo1-Cre � were used as controls; *p � 0.03, **p � 0.007. Data represent mean and SEM of results from three
independent experiments.

Figure 5. miR-206 represses BDNF expression. A, Functional analysis of miR-206 binding sites at BDNF 3�-UTR by luciferase assay. 293T cells were transfected with the luciferase construct and a
lentiviral vector to overexpress miR-206. miR-206 with deleted seed sequences (miR-206mut) was used as a control. Experiments were repeated three times in triplicate; **p � 0.004. B,
Immunostaining of E16.5 lungs of wild-type and miR-206 �/ � embryos with the SMA antibody. C, Western blot analysis to assess changes in BDNF protein level in E14.5. GAPDH was the control for
loading. D, Quantification of normalized BDNF levels at E13.5 and E14.5 in wild-type and miR-206 �/ � lungs; *p � 0.03, **p � 0.01. E, Quantitative RT-PCR to assay BDNF mRNA levels in wild-type
littermates and miR-206 �/ � lungs at E14.5. Three pairs of wild-type and miR-206 �/ � littermates were used for each assay except in panel C, where six pairs of wild-type and miR-206 �/ �

embryos at E13.5 were assayed.
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3B,C) increased BDNF protein level by
4.8-fold compared to controls (Fig. 3D).
However, BDNF mRNA levels were not
significantly affected by these treatments
(Fig. 3E), suggesting that Shh signaling
post-transcriptionally induces changes in
BDNF protein expression. This observa-
tion, together with the previous finding of
temporally dissociated BDNF protein and
mRNA expressions (Fig. 2), suggest that
Shh signaling functions to release post-
transcriptional inhibition of BDNF ex-
pression in ASM.

Shh signaling inhibits miR-206
expression
To characterize downstream effectors of
the Shh pathway that regulate gene ex-
pression at a post-transcriptional level, we
performed miRNA profiling with control
and cyclopamine-treated embryonic lung
explants. miRNAs are small noncoding
RNAs that suppress gene expression by
inducing cleavage and/or translational
repression of mRNAs after binding to
mRNAs through their seed sequences
(Mendell, 2005). In the context of our
findings, we sought to identify miRNAs
that are upregulated by cyclopamine treat-
ment. Five miRNAs were identified in our
screen (Table 1). Among these five, miR-
206 was the only miRNA that is conserved
across species and has BDNF as one of its
predicted gene targets. Therefore, we se-
lected miR-206 for further analysis. We con-
firmed that the miR-206 level is regulated by
Shh signaling in lung explants by quantita-
tive PCR (qPCR) (Fig. 4A). Consistent with
the results of miRNA array, cyclopamine
treatment increased miR-206 levels by �8-
fold, while SAG reduced miR-206 expres-
sion by �4-fold in cultured lung explants
(Fig. 4A).

To test whether Shh signaling regulates
miR-206 expression in vivo, we first as-
sessed whether miR-206 is expressed in
the lung mesenchyme by in situ hybridiza-
tion. The specificity of the miR-206 anti-
sense probe was validated by detection of
specific signals in tissues that are previ-
ously shown to express miR-206 (skeletal
muscle, neural tube, and sensory gan-
glion) (data not shown) (Rao et al., 2006;
Williams et al., 2009). Utilizing similarly
stringent in situ conditions, we detected
miR-206 in the lung mesenchyme between E12.5 and E15.5 (Fig.
4B). miR-206 was hardly detectable at E15.5 compared to E12.5
(Fig. 4B), suggesting that miR-206 expression is reduced at E15.5.
miR-206 expression in the lung mesenchyme at E15.5 became
evident after an extended period of detection (Fig. 4B, inset).

To further prove that miR-206 is preferentially expressed by
lung mesenchyme, we performed a second assay using purified
cells from the embryonic lung of a SMA-hrGFP transgenic mouse

that selectively expresses a green fluorescent protein, hrGFP, un-
der the control of a rat SMA promoter (Ghosh et al., 2011). Using
this mouse, we sorted the GFP� cells from the lungs of E13.5 and
E15.5 embryos by flow cytometry. As an internal control, the
CD31�;CD45�;GFP� population was also collected. Cells from
the whole litter were pooled, and qPCR was performed with
extracted total RNA. Consistent with our in situ hybridization
results, miR-206 was found to be preferentially expressed in the

Figure 6. miR-206 �/ � embryos exhibit increased ASM innervation that is dependent on BDNF. A, Confocal images of TuJ1
immunolabeled right apical lung lobes from E13.5 wild-type and miR-206 �/ � embryos. Compiled Z-stack images showed
branching of a major axon in the lower half of the lobe. Branching points are marked by numbers. White arrows mark the tips of
axons in miR-206 �/ � lobes and corresponding locations in wild-type lobes. B, C, Quantification of innervation density in E14.5
wild-type and miR-206 �/ � lungs. TuJ1 immunolabeled lung sections were shown in B. Scale bars, 50 �m. Innervation density
(TuJ1 � area/SMA � area) was quantified based on adjacent lung sections that were immunolabeled with the TuJ1 and SMA
antibodies. A total of 15 nonoverlapping sections from 3 embryos were quantified for each marker, 5 sections per embryo; *p �
0.017. D, Confocal images of TuJ1-immunolabeled axons in the right apical lung lobe of BDNF�/ �;miR-206�/ � littermate
controls and BDNF �/ �;miR-206 �/ � embryos at E14.5. White arrow points to the tips of extended axons in the control distal lung
and corresponding location in the lung of BDNF �/ �;miR-206 �/ � embryos. Three wild-type and miR-206 �/� littermates were
analyzed in each experiment.
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lung mesenchyme compared to negative internal controls (Fig.
4C), thereby providing further evidence for an interaction be-
tween Shh signaling and miR-206 expression. Notably, the miR-
206 level in SMA-GFP� cells was �20-fold lower at E15.5 than at
E12.5 (Fig. 4C), while BDNF protein expression had an opposite
temporal change (Fig. 2A), consistent with a role of miR-206 in
post-transcriptional silencing of BDNF gene expression.

To further demonstrate that Shh signaling blocks miR-206
expression in vivo, we analyzed changes in miR-206 levels in a
Dermo1-Cre;Rosa(SmoM2) mouse line. SmoM2 contains a
W539L point mutation and, upon Cre-mediated excision of a
stop fragment in the Rosa(SmoM2) allele, Shh signaling is consti-
tutively active in a ligand-independent manner (Mao et al.,
2006). By crossing with a Dermo1-Cre line (Yin et al., 2008), Shh
signaling is activated in the lung mesenchyme of Dermo1-Cre;
Rosa(SmoM2)embryos. We analyzed changes in expression of
Shh signaling target genes and miR-206 at E16.5 in mutant lungs,
a time-point when endogenous Shh signaling activity is reduced
in wild-type lungs compared to earlier stages (Bellusci et al.,
1997). A large majority of Dermo1-Cre;Rosa(SmoM2) embryos
die before E16.5. Among the few that survived, qPCR analysis
showed that Gli1 and Patched1 mRNA levels were increased in
the mutant lung (Fig. 4 D), confirming hyperactive Shh signal-
ing. miR-206 levels were significantly reduced by threefold in
these mutant lungs compared to Rosa(SmoM2) controls (Fig.
4 D), providing evidence that Shh signaling blocks miR-206
expression in vivo.

miR-206 directly represses BDNF expression in the ASM to
affect innervation
A direct role for miR-206 in suppressing BDNF gene expression
was tested by luciferase assay. We cloned a �1.5 kb BDNF 3�-
UTR fragment that includes all three predicted miR-206 bind-
ing sites (positions 212–218, 406 – 412, and 1305–1311; www.
targetscan.org) into the 3�-end of the firefly luciferase cDNA.
Luciferase reporter assays were performed in 293T cells that were
cotransfected with the luciferase construct and a lentiviral miR-
206 expression vector. A mutant miR-206 that has the deleted 6
bp seed sequence (miR-206mut) and therefore can no longer
bind to mRNA was used as a control. Compared to miR-206mut,
miR-206 reduced the luciferase activity by fivefold, indicating
that miR-206 is a direct post-transcriptional repressor of BDNF
expression (Fig. 5A).

To test the role of miR-206 in regulating BDNF expression in
vivo, we compared BDNF mRNA and protein levels in the lungs
of wild-type and miR-206�/ � embryos. miR-206 deficiency had
no effect on lung morphogenesis or ASM development (Williams
et al., 2009) as based on histology and SMA immunolabeling (Fig.
5B). However, compared to wild-type lungs at E13.5 and E14.5,
the level of BDNF protein was approximately doubled in miR-
206�/ � lungs (Fig. 5C,D), while BDNF mRNA level is not
changed (Fig. 5E). Notably, the increase in BDNF protein levels in
miR-206�/� lungs was higher at E13.5 than at E14.5, consistent
with the expression dynamics and a role of miR-206 in post-
transcriptional repression of BDNF expression.

We assessed the effect of elevated BDNF levels on ASM inner-
vation in miR-206�/ � embryos by whole-mount fluorescent
TuJ1 staining followed by confocal imaging. We compiled
Z-stack images of immunolabeled lung lobes to follow major
axons and their branches. Compared to wild-type controls, miR-
206�/ � lungs not only show more axon branches, but axons also
extend more peripherally into the distal lung lubes (Fig. 6A). In
addition, we observed significantly increased ASM innervation

density in E14.5 miR-206�/ � lungs compared to WT lungs after
quantification based on immune-labeled mid-lung sections with
the SMA and TuJ1 antibodies (Fig. 6B,C).

miR-206 deficiency may affect ASM innervation by affecting
the expression of BDNF or other target genes. To further establish
a causal link between elevated BDNF levels and increased in-
nervation in miR-206 �/ � lungs, we generated miR-206�/ �;
BDNF�/ � double-mutant embryos and assessed the innervation
defects in double mutant lungs. If miR-206 represses BDNF
protein expression to affect ASM innervation, miR-206�/ �;
BDNF�/ � embryos would exhibit similarly defective ASM inner-
vation as BDNF�/ � embryos. Otherwise, the double mutant
embryos would have a different phenotype from that of
BDNF�/ � embryos. Whole-mount TuJ1 immunolabeling of the
E14.5 right apical lobes showed that BDNF deficiency in the miR-
206�/ � background diminishes innervation in the distal lung, a
phenotype reminiscent of that of BDNF�/� lungs (Fig. 6D, com-
pared to Fig. 1B). In addition, we quantified TuJ1 immunoreactive
areas using compressed Z-stack confocal images. miR-206�/�;
BDNF�/� lungs showed a �33% reduction in TuJ1 immunoreac-
tivity, as compared to double heterozygous littermate controls at
E14.5. Notably, this reduction was identical to that of BDNF�/�

lungs. Therefore, miR-206 directly represses BDNF expression to
regulate ASM innervation.

Discussion
Our study investigates mechanisms that control ASM innerva-
tion during lung morphogenesis. We identified BDNF as an es-
sential ASM-derived neurotrophic signal for extrinsic neurons to
extend their axons into the distal lung. Further investigation re-
veals a functional interaction between Shh signaling and BDNF
protein expression. This interaction is mediated by miR-206, a
direct post-transcriptional inhibitor of BDNF gene expression. In
this regard, we showed that Shh signaling represses miR-206 ex-
pression, thereby elevating BDNF protein expression levels. Our
findings uncover a role for Shh signaling in BDNF-dependent
ASM innervation. In our model (Fig. 7), Shh signaling not only
induces the specification of ASM (Litingtung et al., 1998; Pepi-
celli et al., 1998; Cardoso and Lü, 2006; Morrisey and Hogan,
2010), it also represses an inhibitory miR-206 to activate BDNF

Figure 7. Model of coordinated ASM formation and BDNF-dependent innervation by Shh
regulation of miR-206. Shh signaling induces ASM formation and lung branching morphogen-
esis. In addition, Shh signaling releases miR-206-mediated suppression of BDNF expression in
the ASM, thereby inducing axon outgrowth. The dual roles of Shh signaling coordinate ASM
formation and innervation in the embryonic lung.
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protein expression, which in turn facilitates ASM innervation.
The dual roles of Shh signaling in the lung mesenchyme provide
a mechanism to coordinate ASM formation and innervation dur-
ing airway branching (Fig. 7).

The cascade of Shh/miR-206/BDNF is not only supported by
our functional studies, but is also consistent with the timing of
Shh signaling activation and the dynamics of miR-206 and BDNF
expression. Shh signaling is detectable as early as lung bud forms
(Bellusci et al., 1997). In addition, Shh signaling is activated in the
lung mesenchyme and in ASM up until E16.5, and its activity
starts to decrease after E16.5 (Fig. 3A) (Bellusci et al., 1997).
Between E12.5 and E15.5, when ASM forms and gets innervated,
we show that miR-206 levels in GFP� mesenchymal cells de-
crease. This is consistent with persistent activation of the inhibi-
tory Shh signaling pathway during this developmental window.
Simultaneously, we show that BDNF protein levels increase at
this time. Based on our results that the BDNF gene is a direct
target of miR-206, the increase in BDNF levels during ASM in-
nervation is likely due to reduced expression of miR-206.

Mechanisms that underlie Shh regulation of miR-206 levels
will require further investigation. One possibility is that Shh sig-
naling regulates the transcription of miR-206. However, none of
the transcriptional factors that are predicted to bind to the miR-
206 promoter were found to be significantly affected by cyclo-
pamine treatment in lung organ cultures (Rao et al., 2006).
Therefore, it is unlikely that Shh signaling represses the transcrip-
tion of miR-206. Alternatively, Shh signaling may regulate miR-
206 levels via post-transcriptional mechanisms. Two recent
studies show that activation of the TGF�/BMP pathways triggers
the binding of their downstream factors, Smads, to the miR-206
precursor, which in turn blocks processing of the miR-206 pre-
cursor into its mature form (Sato et al., 2009; Winbanks et al.,
2011). These findings suggest the possibility that Shh signaling,
which activates BMP signaling in the lung mesenchyme (Bellusci
et al., 1996; Weaver et al., 2003), may indirectly block maturation
of miR-206.

Results of our luciferase assays demonstrate that miR-206 di-
rectly binds to the BDNF 3�-UTR to block BDNF expression.
However, a previous study proposed an indirect role of miR-206
in silencing BDNF expression (Kim et al., 2006). In that study,
overexpressed miR-206 potently reduced BDNF protein levels in
C2C12 myoblast cells but had little effect on the luciferase activity
(Kim et al., 2006). To explain this discrepancy, we compared
BDNF 3�-UTR sequences tested in both luciferase assays. Our
study tested a 1.5 kb fragment that contains all three miR-206
binding sites, while a 1.0 kb fragment tested by the other group
contained partial BDNF coding sequences and only one miR-206
binding site within the 3�-UTR closest to the stop codon (Kim et
al., 2006). The difference in cloned BDNF 3�-UTR sequences
likely explains discrepant results between the two luciferase as-
says. It also suggests that one miR-206 binding site in the BDNF
3�-UTR may be insufficient for miR-206 suppression. Inter-
estingly, multiple BDNF mRNA variants are expressed due to
different promoters, alternative splicing, and multiple poly(A)
sites (Ohara et al., 1992; Timmusk et al., 1993). The possibility
that BDNF mRNA variants with differences in miR-206 bind-
ing sites at 3�-UTR are differentially regulated by miR-206
adds further potential complexities to BDNF expression reg-
ulation and function.

Our current study further establishes that distinct neurogenic
signals are required for intrinsic versus extrinsic neurogenesis in
the developing respiratory tract. Unlike intrinsic neurons that are
dependent on GDNF family signals for survival and differentia-

tion (Langsdorf et al., 2011), extrinsic neurons require BDNF,
and likely NT4, for axon outgrowth to innervate a large majority
of ASM in the lung (García-Suárez et al., 2009).

The essential role of neurotrophins in ASM innervation dur-
ing embryonic development may provide insights into patho-
genic changes in innervation in airway diseases (de Vries et al.,
2006; Rochlitzer et al., 2006). It has been reported that the levels
of NGF family members, such as NGF, BDNF and NT4, are ele-
vated in bronchial lavage fluid of patients with inflammatory
airway diseases, such as asthma (Bonini et al., 1996; Tortorolo et
al., 2005). It is possible that changes in neurotrophin expression
leads to alterations in ASM innervation, thereby playing a role in
airway hyper-reactivity. If true, blockade of neurotrophin signal-
ing may provide a novel approach to treat asthma.
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