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Our study investigates the innervation of the respiratory tract during
mouse embryonic development, with a focus on the identification of
cell origin and essential developmental signals for the resident, or
intrinsic, neurons. Using lineage tracing, we show that these intrinsic
neurons are exclusively derived from neural crest cells, and cluster to
form ganglia that reside in the dorsal trachea and medial bronchi with
diminishing frequency. Comparisons of intrinsic neurogenesis be-
tween wild-type, glial cell–derived neurotrophic factor (GDNF)2/2,
neurturin2/2, and tyrosine kinase receptor Ret2/2 embryos, in com-
bination with lung organ cultures, identified that Ret signaling,
redundantly activated by GDNF family members, is required for
intrinsic neurogenesis in the trachea and primary bronchi. In contrast,
Ret deficiency exerts no effect on the innervation of the rest of the
respiratory tract, suggesting that innervation by neurons whose cell
bodies are located outside of the lung (so-called extrinsic neurons) is
independent of Ret signaling. Furthermore, although the trachea, the
esophagus, and their intrinsic neurons share foregut endoderm and
a neural crest cell origin, respectively, the signals required for their
intrinsic neurogenesis are divergent. Together, our results not only
establish the neural crest lineageof intrinsic neurons in the respiratory
tract, but also identify regional differences in the abundance and
developmental signals of intrinsic neurons along the respiratory tract
and in the esophagus.
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The mammalian respiratory tract consists of the trachea and
lungs, and is innervated by a combination of intrinsic neurons,
whose cell bodies reside within the tissue, and extrinsic neurons,
whose cell bodies are located elsewhere (1). Extrinsic innerva-
tion allows bronchopulmonary communication with the central
nervous system, and therefore has been extensively investi-
gated. Compared with extrinsic innervation, the intrinsic neu-
rons of the mammalian respiratory tract are less well-studied.
Most previous studies on the intrinsic neurons involved immu-
nohistochemical characterizations of resident ganglia in the
embryonic and neonatal respiratory tracts (2–6). However, the
developmental mechanisms and functions of these intrinsic
neurons are unknown. Greater insight into the innervation of
the respiratory tract is of interest because it serves vital life
functions such as sensation, breathing, and inflammation (7–9).

The mammalian respiratory tract arises from the ventral
foregut endoderm (10). In mouse embryos, two lung buds are
induced from the ventral–lateral foregut at E9.5. Along with
lung-bud formation, the trachea arises from the ventral foregut
and separates from the esophagus, which forms dorsally. During
the initiation of respiratory-tract formation, neural crest cells
generated from the vagal portion of the neural tube migrate

along the rostral–caudal axis into the developing foregut (11,
12). Some vagal neural crest cells were proposed to migrate into
the ventral foregut and give rise to intrinsic ganglia in the
respiratory tract (13), whereas others give rise to the majority of
intrinsic neurons and glia in the gastrointestinal tract (14–16).

Although intrinsic neurons of the gastrointestinal tract are
known to be generated from neural crest progenitors (14–16),
the cell origin of intrinsic neurons in the mammalian respiratory
tract remains to be established definitively by lineage tracing.
Results from previous studies in avian and mammalian embryos
support a neural crest origin of intrinsic neurons in the re-
spiratory tract. For example, intrinsic neurons in both murine
and human embryonic lungs express p75 (4, 6), a neural crest
marker that can also be expressed by other cell types. In addition,
the engraftment of quail neural crest cells into chicken embryos
proves that neural crest cells give rise to intrinsic neurons in avian
lungs (17). However, none of these studies address whether
neural crest cells are the only source of intrinsic neurons in the
mammalian respiratory tract, and if not, whether placodes also
contribute to these intrinsic neurons (18).

The signals required for mammalian respiratory neurogene-
sis have not been identified. The gastrointestinal tract, however,
is known to rely on glial cell–derived neurotrophic factor
(GDNF) for the development of intrinsic neurons (19–22).
GDNF and its family members, neurturin (NRTN), artemin,
and persephin, bind to GDNF family coreceptors 1, 2, 3, and 4
(GFRa1–4), respectively, although NRTN and artemin also
bind to GDNF receptor GFRa1 with low affinity (23, 24). The
ligand and GFR complex subsequently recruits the common
tyrosine kinase receptor Ret for signaling (23, 24). Whether
GDNF is also essential for the formation of intrinsic neurons in
the respiratory tract is unknown, although previous studies
showed that the addition of exogenous GDNF to embryonic
lung explant cultures induced the migration and neurite out-
growth of intrinsic neurons (25).

Here, we performed lineage tracing using a neural crest–
specific Wnt1-Cre line crossed with two R26R reporter lines, to
prove definitively the neural crest cell origin of intrinsic neurons
in the murine respiratory tract. In addition, we investigated the
roles of GDNF family members in the intrinsic neurogenesis of
the respiratory tract, using explant cultures and mouse models
deficient in GDNF, NRTN, and Ret. Further, we identified
differences in the developmental mechanisms of intrinsic neuro-
genesis between the respiratory tract and the esophagus.

MATERIALS AND METHODS

Mice

Wnt1-Cre transgenic mice, i.e., Gt(ROSA)26Sor (R26RlacZ) and
Gt(ROSA)26Sortm1(eYFP) (R26ReYFP) mice, were purchased from
Jackson Laboratories (Bar Harbor, Maine). After crossing, Wnt1-
Cre;R26RlacZ and Wnt1-Cre;R26ReYFP reporter lines were generated
for neural crest cell lineage tracing (26). GDNF1/2 and NRTN2/2 mice
were described previously (21, 27). Ret-EGFP (enhanced green
fluorescent protein) mice were derived from mice carrying a floxed
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allele of the Ret gene (28), and contain a functionally null allele of Ret
resulting from a knock-in of EGFP cDNA. Timed-pregnant CD1
females were purchased from Charles River (Wilmington, MA). All
animal studies were approved by the Institutional Animal Care and
Use Committee of the Boston University Medical Campus.

Immunohistochemistry

Dissected embryonic trachea and lungs were fixed in 4% paraformal-
dehyde/phosphate buffer for 2–5 hours at 48C, followed by three washes
with PBS for 30 minutes each. For immunostaining of the whole
respiratory tract, trachea and lungs were treated for 2 hours with
a detergent mix (0.5% sodium deoxycholate, 1% Nonidet P-40, and
1% SDS in PBS) to allow permeablization. The whole tissue was then
incubated with antibody dilution buffer (10% goat serum, 0.1% Tween-
20, and 2% BSA in PBS) to block nonspecific staining, followed by the
application of primary antibodies in antibody dilution buffer overnight at
48C. After extensive washes with PBS, antigen–antibody complexes were
detected using biotinylated secondary antibodies and 3,39-diaminoben-
zidine (DAB) substrate, following the manufacturer’s protocol (Vector,
Burlingame, CA). The number of neurons in five ganglia of E13.5 trachea
was counted under the microscope, and the average neural number was
calculated. Four embryos were examined for each genotype.

For immunostaining of tissue sections, fixed trachea and lungs were
cryoprotected overnight in 30% sucrose/PBS at 48C. After embedding
in OCT, 10-mm serial sections were collected on the slide with 100 mm
between two adjacent sections. Sections were rinsed with PBS, blocked
with antibody dilution buffer, and incubated with primary antibodies.
For immunostaining with primary antibodies generated in goat, a gel-
atin buffer (3% gelatin and 0.1% Tween-20 in PBS) was used as anti-
body dilution buffer. Antigen–antibody complexes were detected by
either DAB substrate or fluorescence-conjugated secondary antibodies
(Molecular Probes, Carlsbad, CA). Primary antibodies purchased from
R&D Systems (Minneapolis, MN) included mouse anti-neurotubulin
(TuJ1; 1:200), goat anti-GFRa1 (1:1,000), and goat anti-GFRa2
(1:200). Primary antibodies from Sigma (St. Louis, MO) included
rabbit anti-smooth muscle actin (1:500) and rabbit anti-calcitonin
gene-related peptide (1:1,000). Rabbit polyclonal GFP antibody was
purchased from Abcam (1:500) (Cambridge, MA). Antigen–antibody
complexes were detected using Alexa 488 and 546 conjugated sec-
ondary antibodies (Molecular Probes). Nuclei were counterstained by
49,6-diamidino-2-phenylindole (DAPI) to identify neural cell bodies.
After staining, sections were examined with a fluorescence microscope
(model DMR; Leica). Images were taken using a digital camera (model
DC300F; Leica, Bannockburn, IL). The number of neurons from three
serial tracheal sections was counted and added to represent the size and
frequency of ganglia along the trachea. A minimum of four embryos
was examined for each genotype.

Organ Cultures of the Respiratory Tract

Organ cultures were performed as described previously (29). The
respiratory tract, including the trachea and lungs, was dissected from
E10.5 and E11.5 CD1 mouse embryos and placed on the membrane of
Transwell inserts (Corning, Carlsbad, CA, Lowell, MA). Cultures were
maintained in an air–liquid interface for 3 days, with the medium
changed every 24 hours. BGJb medium (Invitrogen) contains 25 mg/L
ascorbic acid, 1% FBS, and 1% penicillin/streptomycin. To treat
cultured lungs with growth factors, NRTN, nerve growth factor
(NGF), or fibroblast growth factor 2 (FGF2) (50 ng/ml; R&D Systems)
was added to the medium (22, 30). Cultures were either immunostained
as a whole, or sectioned followed by immunostaining with TuJ1
antibody. TuJ1-immunoreactive areas on sections were quantified by
Image J (NIH, National Institute of Health) and normalized to the size
of the section as percentages of innervation.

Detection of b-Galactosidase Activity

Tissues of neural crest cell origin were lineage-labeled by a LacZ
reporter in Wnt1-Cre;R26RlacZ embryos. To detect b-galactosidase (gal)
activity, embryos were fixed for 2 hours in ice-cold 2% paraformaldehyde/
PBS followed by four 30-minute washes with PBS. After washing,
embryos were incubated in staining solution (2 mM MgCl2, 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6, 0.01% Nonidet P-40, 0.1% sodium

deoxycholate, and 0.1% X-gal in PBS) at 378C in the dark. Color
development was checked frequently until staining appears dark blue.
After staining, embryos were washed in PBS, postfixed with 4%
paraformaldehyde/PBS for 30 minutes, and processed for frozen
sectioning.

In Situ Analysis of GDNF and NRTN mRNA Expression

A digoxigenin-labeled riboprobe of GDNF was synthesized from a plas-
mid containing mouse GDNF cDNA sequences (nucleotides 121–2068
of GeneBank Accession Number NM_010275). A digoxigenin-labeled
NRTN riboprobe was synthesized from a PCR fragment amplified from
genomic DNA, using primers containing the T3 promoter sequence.
These primers amplify a 235-base pair (bp) segment of the NRTN coding
sequence (GeneBank Accession Number U78109) (31). The primer
sequences include: forward, 59 CCA GCG GAG GCG CGT GCG
CAG AGA 39; and reverse, 59 GAT CAT TAA CCC TCA CTA AAG
GGG AGT TCC CAC ACT TTA TGT GAA 39. In situ hybridization on
10-mm embryonic sections was performed as described previously (32).

RESULTS

Intrinsic Neurons in the Respiratory Tract Have Discrete

Anatomic Locations

To identify intrinsic neurons, the respiratory tract was dissected
from E13.5, E14.5, and E18.5 mouse embryos and analyzed for
neural crest and neural markers, including the expression of
GFP in Ret-EGFP embryos and immunohistochemistry for
neurotubulin (Figure 1). As described previously, GFP in Ret-
EGFP mice is expressed under the control of the Ret promoter,
and identifies neural crest cells in the gastrointestinal tract (33).
At E13.5, GFP1 cells are found to cluster and align longitudi-
nally on the dorsal side of the trachea (Figure 1A). A majority
of them also express the neural marker neurotubulin, as labeled
by the TuJ1 antibody (Figure 1B), confirming them as neurons.
The GFP1TuJ12 cells are mostly likely uncommitted neural-
crest progenitors or glial progenitors (33). The dorsal alignment
of the cell bodies of these intrinsic neurons in the trachea
persists at E14.5, E18.5, and postnatally (Figures 1C21E, and
data not shown), and is distinct from the circular distribution of
intrinsic neurons in the esophagus (Figure 1C). Sagittal sections
of the trachea show cell bodies of the intrinsic neurons located
dorsally in association with the smooth muscle that connects the
cartilage rings (Figure 1F). The processes of these intrinsic
neurons extend into the smooth muscle (Figure 1F, inset),
supporting the concept that they control the contractility of
tracheal smooth muscle (34).

The bronchi and lungs also contain TuJ11 intrinsic neurons,
with the number of neurons diminishing along the proximal–
distal axis (Figure 1G). A small number of intrinsic neurons are
found along the secondary and tertiary bronchi (Figure 1H),
with very few neurons in more distal region. Despite the paucity
of intrinsic neurons in the distal lung, TuJ11 neural fibers are
readily identifiable in the proximity of airway smooth muscle
and neuroendocrine cells (Figures 1I and 1J) (34–37).

Intrinsic Neurons in the Respiratory Tract Originate from

Neural Crest Cells

The expression of neural crest markers p75 and Ret by the
intrinsic neurons in the mammalian respiratory tract suggests
that these neurons originate from neural crest cells (Figure 1A)
(4, 6). To prove definitively their neural crest cell origin, we
lineage-labeled neural crest cells in vivo using Wnt1-Cre;
R26R1acZ embryos, in which neural crest cell–derived cells
express b-gal (26). X-gal staining of the respiratory tract of
E16.5 Wnt1-Cre;R26R embryos revealed b-gal1 cells in the
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trachea and the lungs that were distributed in a pattern similar to
that of TuJ11 intrinsic neurons (Figures 2C22F, compared with
Figures 1A21G). A majority of these b-gal1 cells were confirmed
as neurons by TuJ1 antibody staining (Figures 2G and 2H).
Therefore, the respiratory tract contains intrinsic neurons that are
of neural crest cell origin, similar to the gastrointestinal tract.

In addition to neural crest cells, the placodes also generate
neurons (18). To distinguish neural crest from placode contri-
butions to intrinsic neurons in the respiratory tract, we analyzed
both Wnt1-Cre;R26RlacZ and Wnt1-Cre;R26ReYFP embryos, in
which only neural crest–derived cells are lineage-labeled, by
colocalizing TuJ1 immunoreactivity with reporter expression. If
neural crest constitutes the only cell of origin of intrinsic
neurons in the respiratory tract, all TuJ11 neurons would be
labeled. Alternately, if the placodes contribute to intrinsic
neurons, some TuJ11 neurons would not be labeled. We found
that all neurons in the respiratory tract of Wnt1-Cre;R26R
embryos are b-gal1 (Figures 2G and 2H), demonstrating that
neural crest cells are the only source of intrinsic neurons. This
finding was confirmed in Wnt1-Cre;R26ReYFP embryos. Serial
sections of the respiratory tract of E16.5 Wnt1-Cre;R26ReYFP

embryos were double-stained with an enhanced yellow fluores-
cent protein (eYFP) antibody and TuJ1 antibody with nuclei
labeled by DAPI, to identify cell bodies of intrinsic neurons
(Figures 2I22K). All intrinsic neurons in the trachea, bronchi,
and lungs were found to be eYFP1, establishing an exclusive
neural crest origin (Figures 2I22K).

Neural Crest Cells Contribute to Intrinsic Neurons of the

Respiratory Tract in a Dynamic and Spatially

Regulated Manner

To analyze the spatiotemporal dynamics of neural crest cell
migration and intrinsic neurogenesis in the respiratory tract

in vivo, we characterized the migration of neural crest cells,
which were labeled by GFP driven by the Ret promoter in Ret-
EGFP embryos, into the trachea, bronchi, and lung buds at
E10.5 and E11.5, and we also characterized the generation of
TuJ11 neurons at E12.5 and E14.5 (Figure 3). At E10.5, Ret-
GFP1 neural crest cells were identified in the mesenchyme
surrounding the esophagus along the dorsal-to-caudal axis (Fig-
ure 3A). A few neural crest cells also arrived in the proximity of
the bronchi and caudal trachea, where the trachea is separated
from the esophagus (Figures 3A2 and 3A3). However, no
neural crest cells were present in the lung buds or rostral
trachea, where the trachea remains attached to the esophagus
(Figure 3A1, and data not shown). At E11.5, abundant neural
crest cells were identified in the dorsal trachea and medial sides
of the major bronchi, where airway smooth muscle cells form
(Figures 3B1 and B2). In addition, a few neural crest cells were
detected in the medial and proximal lungs (Figure 3B3). Neural
crest cells differentiate into neurons after they migrate into the
respiratory tract. A restricted distribution of TuJ11 intrinsic
neurons in the ventral trachea, major bronchi, and proximal
lungs was detected at E12.5 (Figure 3C), E14.5 (Figure 3D), and
later during development (Figure 1). The migration of neural
crest cells into the lungs likely ceases after E14.5, because the
location of the intrinsic neurons along the proximal-to-distal axis
of E14.5 lungs is similar to that observed at E18.5 (Figure 1).

Intrinsic Neurons in the Trachea and Esophagus Differentially

Express GDNF Family Members and Receptors

Before our study of the signals that control intrinsic neuro-
genesis of the respiratory tract, we analyzed the expression of
GDNF, NRTN, and their high-affinity receptors in E12.5
embryos by in situ hybridization and immunohistochemistry,
respectively (Figure 4). GDNF and NRTN are two GDNF

Figure 1. Intrinsic neurons of the developing respiratory tract exhibit discrete anatomic distribution. The trachea and lungs were dissected from
E13.5 (A and B), E14.5 (C ), and E18.5 (D–J ) embryos. Intrinsic neurons in the trachea and lung lobes were identified by green fluorescent protein

(GFP) expression under the control of the Ret promoter in Ret-EGFP embryos (A and B) and by TuJ1 immunolabeling of the whole lung and lung

sections (B–J ). Arrowheads indicate neural cell bodies. Arrows indicate the vagus nerve. Asterisks indicate neural fibers. (A) Clusters of GFP1 cells are

aligned longitudinally in the trachea of E13.5 Ret-EGFP embryos. (B) A majority of GFP1 cells are confirmed as neurons by TuJ1 immunolabeling and
appear yellow after overlay. (C ) At E14.5, clusters of TuJ11 neurons are located exclusively on the dorsal side of the trachea facing the esophagus, in

contrast to the circular distribution of intrinsic neurons of the esophagus. (D and E ) The asymmetric distribution of intrinsic neurons in the dorsal

trachea persists at E18.5. (F ) Sagittal sections of E18.5 trachea show that intrinsic neurons are absent from the cartilage. Cell bodies of intrinsic

neurons cluster on the surface of the tracheal smooth muscle and extend their neurites into the smooth muscle, as shown by enlarged picture in
inset. (G and H ) Clusters of intrinsic neuronal cell bodies are also found along the bronchi. Only a few neural cell bodies are located distal to the

secondary or tertiary bronchi. TuJ11 neural fibers are identified at more distal regions of the lung than are the cell bodies of intrinsic neurons. (I )

Double immunostaining with the TuJ1 antibody and an antibody against smooth muscle actin (SMA) identifies TuJ11 neural fibers in proximity to
the airway smooth muscle. ( J ) TuJ11 neural fibers innervate neuroendocrine bodies that were immunolabeled by an antibody against calcitonin

gene–related peptide (CGRP). Eso, esophagus; Tra, trachea; Pro., promixal; Dis., distal.
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family members with essential roles in gastrointestinal innerva-
tion, and both are expressed in the esophagus (Figure 4A) (19–
22, 27, 31, 38). In contrast, the trachea does not express GDNF
mRNA (Figure 4Aa). Furthermore, GDNF mRNA is detected
at lower levels in the major bronchi than in the esophagus
(Figure 4Ab). However, both the trachea and bronchi express
NRTN mRNA at levels comparable to those in the esophagus
(Figures 4Ac and 4Ad).

We chose E12.5 Ret-EGFP embryos to analyze the expression
of GFRa1 and GFRa2, which are high-affinity receptors for
GDNF and NRTN, respectively, using Ret-GFP1 intrinsic neural
progenitors in the respiratory tract (Figures 1A and 1B). Immu-
nohistochemistry was performed using specific antibodies against
GFRa1 and GFRa2 (39). GDNF family receptor immunoreactiv-
ity was colocalized with GFP. GFRa1 is detected in GFP1 neural
crest progenitors in the esophagus and the major bronchi, as well as
in other cell types, such as smooth muscle (Figures 4Ba24Bd). In
contrast, GFRa2 is expressed by GFP1 neural progenitors in the
trachea, but not in the esophagus (Figures 4Be24Bh). Together,
GDNF family ligands and receptors are differentially expressed by
intrinsic neurons in the respiratory tract and esophagus, suggesting
that intrinsic neurogenesis in these two tissues is regulated by
different GDNF family members.

Intrinsic Neurogenesis in the Trachea and Bronchi Requires

Ret Signaling

Ret is the tyrosine kinase receptor of all GDNF family members
(23). To test whether Ret signaling is required for intrinsic
neurogenesis in the respiratory tract, TuJ1 immunostaining was
performed in wild-type and Ret2/2 embryos at E18.5, and the
numbers of TuJ11 neurons were counted. Compared with the
results in wild-type embryos, the disruption of Ret function
reduces the number of intrinsic neurons by z 80% in both the
trachea and primary bronchi, as shown by whole-mount TuJ1
labeling (Figures 5F and 5I) and quantification on serial cross
sections (Figure 3N). The z 20% residual intrinsic neurons may
be maintained through the neural cell adhesion molecule
receptor (40). Ret-deficiency also eliminates intrinsic neurons
in the esophagus (Figures 5A, 5C, and 5M), establishing that
Ret is essential for neurogenesis in both the respiratory tract
and esophagus.

We further investigated which GDNF family members are
required for intrinsic neurogenesis in the respiratory tract.
GDNF was previously shown to affect intrinsic neurons in lung
organ cultures (25). However, GDNF is not expressed by the
trachea (Figure 4A), suggesting that GDNF is not required for

Figure 2. Intrinsic neurons of the respi-

ratory tract are derived exclusively from

neural crest progenitors. Neural crest cell
linage tracing was performed in vivo us-

ing E16.5 Wnt1-Cre;Rosa26lacZ embryos

(A–H ) and Wnt1-Cre;Rosa26eYFP embryos

(I–K ). (A and B) Staining of b-gal activity
in E14.5 Rosa26lacZ control embryos

identified no b-gal1 cells in the trachea

and lung. (C and F ) Clusters of b-gal1

cells are identified in the dorsal trachea
and lung. (G and H ) These b-gal1 cells

are largely neurons, as demonstrated by

TuJ1 immunohistochemistry. Note all TuJ11

intrinsic neurons express b-galactosidase

(b-gal1). (I–K ) All TuJ11 intrinsic neurons

in the trachea, bronchi, and lungs are

colocalized with EYFP after double im-
munolabeling of E16.5 Wnt1-Cre;Ro-

sa26eYFP embryonic sections. Cell bodies

of intrinsic neurons are distinguished

from axons by the presence of DAPI
nuclear labeling. DAPI, 49,6-diamidino-

2-phenylindole; EYFP, enhanced yellow

fluorescent protein; Eso, esophagus; Tra,
trachea. Scale bars, 100 mm.
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neurogenesis in the respiratory tract. To prove our hypothesis, we
compared intrinsic neurons between wild-type and GDNF2/2

embryos. Indeed, GDNF deficiency exerted no effect on the
number and location of intrinsic neurons in the trachea and
primary bronchi (Figures 5D, 5E, 5G, 5H, and 5N), in contrast to
its essential roles during esophageal neurogenesis (Figures 5A,
5B, and 5M). Therefore, distinct GDNF family members are
required for intrinsic neurogenesis in the respiratory tract and
esophagus.

Although intrinsic neurogenesis is disrupted in the Ret2/2

respiratory tract, comparable densities of TuJ11 neural fibers
were evident in the proximity of airway smooth muscle in
regions distal to the primary bronchi in wild-type, GDNF2/2,
and Ret2/2 embryos (Figures 5J–L and 5O), suggesting that
a majority of innervation in the lungs derives from extrinsic
neurons. This finding is also consistent with our observation that
the lung is largely devoid of intrinsic neurons (Figures 1G and
1H). Further, this finding indicates that signals controlling the
extrinsic innervation of the lungs are different from those
controlling intrinsic innervation.

We then tested whether NRTN is required for intrinsic
neurogenesis in the respiratory tract. Whole-mount TuJ1
immunostaining was performed with dissected trachea from
E13.5 wild-type and NRTN2/2 embryos (Figure 6). The number
of intrinsic neurons within individual ganglia was quantified.
Although NRTN is expressed in the trachea and bronchi
(Figures 4Ac and 4Ad), intrinsic neurons were comparable
between wild-type and NRTN2/2 embryos, demonstrating that
NRTN deficiency alone is not sufficient to disrupt intrinsic
respiratory neurogenesis (Figure 6).

NRTN Regulates Intrinsic Neurogenesis of the Respiratory

Tract in Culture

To gain insights into the functions of GDNF family members
during intrinsic respiratory neurogenesis, explant cultures were
established from E10.5 and E11.5 embryos after neural crest
cells migrated into the respiratory tract (Figure 2) (29). Explants
were treated with NRTN, NGF, and FGF2 at a concentration of
50 ng/ml (22, 30). After 3 days in culture (1 3), the explants
were immunolabeled with TuJ1 antibody. NRTN, but none of

Figure 3. Temporal and spatial charac-

terization of intrinsic neurogenesis in the

embryonic respiratory tract. Subparts 1-3
show 3 images. Intrinsic neural progen-

itors at E10.5 and E11.5 were identified

by enhanced green fluorescent protein

(EGFP) in Ret-EGFP embryos (A and B),
and intrinsic neurons at E12.5 and E14.5

were immunolabeled by TuJ1 (C and D).

Arrowheads indicate cell bodies of intrin-

sic neural progenitors and neurons. eso,
esophagus; tra, trachea; pro, promixal;

dis, distal.
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the other factors, affected the intrinsic neurogenesis of the
respiratory explant cultures (Figure 7). In E10.5 1 3 cultures,
NRTN dramatically increased the number of intrinsic neurons
and induced their migration into more distal lung, compared
with BSA control, NGF-treated, and FGF2-treated cultures, in
which the intrinsic neurons clustered in the trachea and primary
bronchi, and only a very low number of neurons was found in
the lungs (Figure 7A). In contrast, NRTN had little effect on the
migration of intrinsic neurons into the distal lung in E11.5 1 3
cultures (Figure 7A). Instead, NRTN increased TuJ1 immuno-
reactivity, as compared between control and NRTN-treated
explants by whole-mount immunostaining (Figure 7A) and
immunostaining of sections collected at four different levels of
explants (Figure 7B). Quantification of the TuJ1-immunoreac-
tive area on sections showed a z 50% increase by NRTN, which
is likely caused by the NRTN-induced neurite outgrowth of
intrinsic neurons. Therefore, NRTN regulates intrinsic neuro-
genesis of the respiratory tract and exhibits differential effects
on the migration, proliferation, and neurite outgrowth of in-
trinsic neurons at E10.5 and E11.5.

DISCUSSION

Our study investigated the cell origin and developmental
signals of neurogenesis in the developing mammalian respi-
ratory tract. We show that intrinsic neurons are distributed
asymmetrically in the trachea and primary bronchi, and that
the number of neurons decreases along the proximal–distal
axis of the pulmonary tree. Such a discrete anatomic distri-
bution of intrinsic neurons likely correlates with the localiza-
tion of target tissues of innervation, such as smooth muscle
cells in the trachea and airways, and neuroendocrine cells,
which are more abundant in the proximal lung (34–36). How-
ever, according to a recent study, vagal denervation disrupts
a large majority of nerve fibers that innervate neuroendocrine

cells, suggesting that intrinsic neurons contribute minimally to
neuroendocrine innervation (37).

We showed that Ret signaling is required for the formation
of intrinsic neurons in the trachea and major bronchi (Figure 5),
although the GDNF family ligands that signal through Ret
remain to be identified. Our in situ analysis showed that the
trachea expresses NRTN, but not GDNF (Figure 4). However,
NRTN deficiency alone has no effect on the number of intrinsic
neurons. Therefore, NRTN, artemin, and persephin likely have
redundant roles as chemoattractants for the migration of neural
crest cells into the ventral foregut and along the branches of the
respiratory tree, and induce the proliferation and differentiation
of neural crest progenitors to form resident neurons and glial
cells. NRTN consistently induced the migration, proliferation,
and neurite outgrowth of intrinsic neurons in our embryonic
respiratory explant cultures (Figure 7).

Interestingly, NRTN induces the migration and proliferation
of neurons into the distal lung in E10.5 cultures, whereas it
mostly promotes neurite outgrowth in E11.5 cultures. The
failure of NRTN to induce neural migration into the distal lung
in E11.5 cultures is unlikely to be caused by a lack of motile
nature of neural crest cells, because they are migratory at this
stage, as shown by our characterization of migratory kinetics
(Figure 3) and by previous studies (12, 33). In addition, neurons
at E12 were induced to migrate and extend their neurites
outside of the primary bronchi toward GDNF-impregnated
agarose beads (25). Thus, neural crest cells and neuronal
progenitors in E11.5 respiratory explants possess a migratory
capacity in response to GDNF and NRTN. However, matura-
tion of the lung may lead to the expression of neural repellants
to prevent neural migration and neurite outgrowth into the
distal lung. For example, Semaphorin 3A, which is enriched in
the distal lung and whose mRNA expression peaks at E12.5 (the
earliest time point examined) (41), may prevent the migration
of neural crest cells into the lung. In addition, Sonic Hedgehog

Figure 4. The esophagus, the respira-

tory tract, and their intrinsic neurons

differentially express GDNF family mem-

bers and receptors at E12.5. (A) GDNF
and NRTN mRNA expression was ana-

lyzed by in situ hybridization. GDNF

mRNA was detected in the esophagus,

but not in the trachea, whereas NRTN
mRNA was detected in both tissues. (B)

The expression of GFRa1 and GFRa2 was

assayed by immunostaining. Sections
were collected from E12.5 Ret-EGFP em-

bryos in which both Ret expression and

intrinsic neurons were labeled by GFP.

Arrows indicate neurons in the esopha-
gus. Arrowheads indicate neurons in the

trachea and bronchi. GFRa1 is expressed

by intrinsic neurons in both the esopha-

gus and trachea (a–d ), whereas GFRa2 is
detected in intrinsic neurons in the tra-

chea, but not in the esophagus (e–h).

Scale bars, 100 mm. eso, esophagus; tra,
trachea; bro, bronchi.
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was shown to counteract the activity of GDNF on neural crest
cells in the developing gut (42), and may have a similar inhibitory
effect on NRTN-induced neural migration in the respiratory
tract. Together, a combination of localized chemoattractants and
repellants whose expression is dynamically regulated controls
intrinsic neurogenesis in the developing respiratory tract.

The comparison of intrinsic neurogenesis between the tra-
chea and esophagus has identified both similarities and differ-
ences. The intrinsic neurons in both organs share a neural crest
cell origin and depend on Ret signaling (22, 43). However, the
distribution of intrinsic neurons within these two organs is
different, likely dictated by structural and cell-type divergence.
In addition, essential GDNF family ligands for intrinsic neuro-
genesis are different in the trachea and esophagus. In contrast
to the esophagus, in which intrinsic neurons are dependent on
GDNF, the formation of intrinsic neurons in the trachea does
not require GDNF. This difference results from differential
GDNF family receptor expression by intrinsic neurons as well
as the differential expression of GDNF family members. We

Figure 5. Formation of intrinsic neurons
in the respiratory tract requires Ret sig-

naling. Immunostaining using TuJ1 anti-

body identified neural cell bodies and

nerves in the esophagus and lung of
E18.5 embryos. Arrowheads indicate cell

bodies of neurons. (A–C ) Esophageal

neurons are diminished in GDNF2/2

and Ret2/2 embryos. (D–I ) Comparable
numbers of intrinsic neurons were evi-

dent in the trachea of GDNF2/2 embryos

and controls, whereas the number in the

trachea and bronchi was diminished in
Ret2/2 embryos. ( J–L) Neural fibers that

innervate the distal lung are largely un-

affected in GDNF2/2 and Ret2/2 em-
bryos. Neural fibers are marked by

asterisks. (M ) The number of intrinsic

neurons on one side of a 1-mm longitu-

dinal segment of the esophagus was
counted in wild-type, GDNF2/2, and

Ret2/2 embryos. (N ) The number of

neurons in three serial sections of the

trachea was counted after immunostain-
ing with TuJ1 antibody. Data shown in

M and N represent the averages and

standard deviations from a minimum of
four embryos. (O) The innervation den-

sity of wild-type and Ret2/2 lungs was

measured and compared. Data represent

the averages and standard deviations
from a minimum of nine images from

three embryos. Scale bars, 50 mm. **P ,

0.01.

Figure 6. NRTN deficiency alone has no effect on intrinsic neurons in

the trachea. Whole-mount TuJ1 immunolabeling was performed with
dissected trachea from E13.5 embryos. (A) NRTN2/2 embryos exhibit

a number and size of neural ganglia along the dorsal side of the trachea

comparable to those of wild-type embryos. (B) The number of TuJ11

neurons in each ganglion of wild-type and NRTN2/2 trachea was
counted. Data represent the average and standard deviation from four

embryos. Scale bars, 100 mm.
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show that tracheal neurons express both GFRa1 and GFRa2,
whereas neurons in the esophagus only express GFRa1 (43).
GFRa1 can bind to GDNF, NRTN, and artemin (23, 24).
Therefore, the elimination of NRTN and artemin would likely
be required to disrupt intrinsic neurogenesis in the respiratory
tract. In contrast, GDNF deficiency alone is able to diminish
intrinsic neurons in the esophagus. This indicates that endoge-
nous NRTN is not sufficient to compensate for the loss of
GDNF in the esophagus, because esophageal intrinsic neurons
do not express GFRa2, the high-affinity NRTN receptor.
However, exogenous neurturin was shown to induce the migra-
tion and neurite outgrowth of intrinsic neurons in esophageal
explants (22). This effect is likely mediated by the low-affinity
binding of neurturin to GFRa1 when applied at high concen-
trations in culture.

Disruption of intrinsic neurons in the respiratory tract in
Ret2/2 embryos has no effect on extrinsic innervations (Figure
5), indicating that extrinsic innervation is controlled by different
signals than is intrinsic innervation. Candidate signals for
extrinsic innervation include neurotrophin family members
(44, 45). Mice deficient in neurotrophin family members
brain-derived neurotrophic factor and neurotrophin 4 have
a diminished number of neurons in the nodose ganglia that
extend their axons to form the vagus nerve (46). These neuro-
trophins, including NGF, had no effect on intrinsic neurons in
our explant cultures (Figure 7A, and data not shown), further
establishing that distinct mechanisms control the extrinsic and
intrinsic neurogenesis of the respiratory tract.

Our study establishes the neural crest cell origin, and
identifies essential Ret signaling, in the development of intrinsic
neurons of the respiratory tract. The functions of these intrinsic

neurons and their communication with extrinsic neurons in
development, homeostasis, and pulmonary disease remain to be
characterized. Future studies will require the identification of
molecular markers that distinguish intrinsic from extrinsic
neurons, along with analyses of the physiologic changes that
result from the uncoupling of intrinsic and extrinsic innervations
(47).
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