
Summary. Central nervous system and skeletal muscles
secrete a group of polypeptide hormones called
neurotrophins (NTs). More recent studies show that NTs
and their receptors are also expressed in the lung,
suggesting a role for NTs in lung development. To
examine the role of NTs during normal and diseased
lung organogenesis, we employed wild-type and
amyogenic mouse embryos (designated as Myf5-/-
:MyoD-/-). Amyogenic embryos completely lacked
skeletal muscles and were not viable after birth due to
the respiratory failure secondary to lung hypoplasia. To
examine the importance of lung-secreted NTs during
normal and hypoplastic lung organogenesis,
immunohistochemistry was employed. Distribution of
NTs and their receptors was indistinguishable between
normal and hypoplastic lungs. To further examine the
importance of non-lung-secreted NTs (e.g., from the
skeletal muscle and CNS) in lung organogenesis, in
utero injections of two NTs were performed. The
exogenously introduced NTs (i.e., non-lung-secreted) did
not appear to improve development of the lung in
amyogenic embryos. Moreover, immunohistochemistry
showed significantly reduced number of airway smooth
muscle cells (ASMCs) in hypoplastic lungs of
amyogenic embryos, suggesting that the number of
ASMCs is primarily regulated by the fetal breathing-like
movements (i.e., mechanical factors).
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Introduction

Neurotrophins (NTs) are a group of polypeptide
hormones that control growth, differentiation and
survival of neurons in the central and peripheral nervous
system (Lewin and Barde, 1996). The first protein

discovered in this family was nerve growth factor (NGF)
(Klein, 1994). Additional members of the NT family are
neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5) and
brain derived neurotrophic factor (BDNF) which are all
structurally homologous to NGF (Klein, 1994). NTs
modulate their activity through different high and low
affinity receptors (Barbacid, 1995). The high affinity
receptors include Trk A, Trk B, and Trk C which are all
part of the Trk tyrosine kinase family (Barbacid, 1995).
NGF binds Trk A, BDNF and NT-4/5 bind Trk B, NT-3
binds Trk C and to a lesser degree Trk A and Trk B
receptors (Barbacid, 1995). The low affinity NT receptor
p75 belongs to the tumor necrosis family and binds all
NTs to date (Barbacid, 1994). 

Even though NTs are mainly derived from the
central nervous system (CNS) and skeletal muscle
(Ernfors et al., 1992), they are also expressed in many
non-neuronal tissues and seem to be essential for the
development of various organs (Lomen-Hoerth and
Shooter, 1995). More recently, NTs and their receptors
have been reported to be expressed in the lung of various
species including: adult human (Shibayama and
Koizumi, 1996; Ricci et al., 2000, 2004), adult rat
(Lomen-Hoerth and Shooter, 1995), adult mouse
(Hikawa, 2002) and embryonic mouse (Tessarollo et al.,
1993). Several hypotheses are proposed for the role of
NTs in the lung including: regulation of immune
function (Ricci et al., 2000; Hikawa et al., 2002),
participation in pathophysiology of pulmonary disorders
such as asthma (Ricci et al., 2004) and regulation of
visceral sensory and motor neurons (Lommatzsch et al.,
1999). 

During the last third of gestation, mechanical forces
are produced by the intermittent contractile activity of
the main respiratory muscles, called fetal breathing-like
movements (FBMs) (Kitterman, 1996). Lately, our
laboratory has been studying the role of the respiratory
muscles and FBMs in lung organogenesis. We
established several mouse models of pulmonary
hypoplasia (e.g., mdx:MyoD-/-9th embryos lack most of
the diaphragm; Myf5-/- embryos lack the intercostals and
Myf5-/-:MyoD-/- embryos lack all skeletal muscles)
(Inanlou et al., 2003; Inanlou and Kablar, 2003;
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2005a,b). Since our mouse models of pulmonary
hypoplasia lack various subpopulations of muscles (e.g.,
mdx:MyoD-/-9th and Myf5-/- embryos) or the entire
skeletal muscle lineage (Myf5-/-:MyoD-/- embryos), we
hypothesized that, in addition to FBMs, developing lung
of our mouse models may also lack skeletal muscle-
secreted NTs. As stated previously, various aspects of
lung development (and even of remaining internal
organs) may depend on NTs that are secreted either
endogenously (i.e., by the lung) or by the skeletal muscle
and CNS. Therefore, in the current report, we
hypothesize that the endogenous (or lung-secreted) NTs
or/and the exogenous (or skeletal muscle-secreted) NTs
contribute to the pathogenesis of the observed
pulmonary hypoplasia in our embryonic mouse models.
In this report we are not considering CNS-secreted NTs,
because it is the skeletal muscle and not the CNS that is
entirely ablated in Myf5-/-:MyoD-/- embryos (Rudnicki
et al., 1992).

Lung is composed of two main systems: bronchial
and respiratory (Ten Have-Opbroek, 1991). Air is
conducted through the bronchial system whereas the
respiratory system is responsible for the gas exchange
(Ten Have-Opbroek, 1991). In the bronchial system,
airways are surrounded by smooth muscle cells whose
function is still unknown. However, spontaneous
contractions observed in the airway smooth muscles
(Sorokin, 1961) are suggested to be important for normal
development of airspaces by changing intraluminal
pressure and movement of the lung fluid in the fetal
airways (McCray, 1993). In addition, in vitro studies
have shown that mechanical forces play a role in smooth
muscle cell proliferation (Buck, 1983; Dartsch et al.,
1986; Tschumperlin and Drazen, 2005). In the second
part of the current study, we used amyogenic embryos to
investigate the role of FBMs (i.e., as an in vivo
mechanical force) in airway smooth muscle cell
(ASMC) proliferation. We hypothesized that the amount
of ASMCs may contribute to the pathogenesis of lung
hypoplasia.

To investigate the hypothesized role of NTs
produced by the lung compared to those produced by the
skeletal muscle/CNS in lung organogenesis, the
immunohistochemical analysis was followed by the inta-
amniotic injections of NTs, in both control and diseased
mouse embryos. In addition, to study the role of ASMCs
in the pathogenesis of pulmonary hypoplasia, we
employed three different mouse models of lung
hypoplasia lacking either various subpopulations of
muscles (e.g., mdx:MyoD-/-9th and Myf5-/- embryos) or
the entire skeletal muscle lineage (Myf5-/-:MyoD-/-
embryos). Summarized, our data show the following: a)
retained expression of NTs and their receptors in the
hypoplastic lung suggests that the endogenous or lung-
secreted NTs do not play a role in the pathogenesis of
pulmonary hypoplasia; b) development of the
hypoplastic lung is not rescued by intra-amniotic
injections of either BDNF or NT-3, suggesting that the
lack of exogenous NTs is an unlikely contributor to the

pathogenesis of lung hypoplasia; and c) significantly
reduced number of ASMCs in hypoplastic lungs of only
amyogenic embryos (and not in other embryos that also
die from lung hypoplasia) suggests that the amount of
ASMCs does not play a role in the development of lung
hypoplasia. Instead, the number of ASMCs appears to be
greatly affected by the complete absence of FBMs, since
it is observed only in amyogenic embryos.
Materials and methods 

Animal care and interbreeding

To produce amyogenic mouse embryos,
homozygous MyoD-/- mice were bred with Myf5+/-
knock-out heterozygous mice, as previously described
(Rudnicki et al., 1992). The resulting heterozygous
offspring for both Myf5 and MyoD (i.e., Myf5+/-:
MyoD+/-) from this cross were interbred to obtain
embryos of nine different genotypes including Myf5-/-
:MyoD-/- with a frequency of 1:16. 

To generate Myf5-/- mouse embryos, heterozygous
males and females were bred with each other to obtain
embryos of three different genotypes including Myf5-/-.

mdx mice (i.e., mice that carry a loss-of-function
point mutation in the X-linked dystrophin gene and are
an animal model for human Duchenne and Becker
muscular dystrophy) (Sicinski et al., 1994) were bred
with MyoD-/- mice to generate mdx:MyoD+/- and
mdx:MyoD-/- mice. These mice were subsequently
backcrossed (i.e., the tenth generation of mdx:MyoD+/-
mice was bred with the first generation of mdx:MyoD-/-
mice) until no viable mdx:MyoD-/- newborn was
detectable. The embryos generated in the described
manner were designated as mdx:MyoD-/-9th to indicate
that they were double-mutant products after nine
generations of backcrossing (Inanlou and Kablar, 2003).

Pregnant mice were sacrificed by cervical
dislocation at E17.5 or E18.5 and subsequently
Caesarean section was done to collect the embryos and
fetal portion of the placenta. Genomic DNA was isolated
from the fetal portion of the placenta in accordance to
the procedure of Laird et al. (1991). The embryos were
genotyped by PCR (Henneberger et al., 2000). Animal
care was in accordance with the institutional guidelines.

Tissue preparation

Wild-type and mutant embryos were delivered via
Caesarean section and subsequently decapitated. The
intrathoracic cavities were exposed and the lungs were
removed under the stereomicroscope. Lungs were fixed
in 4% paraformaldehyde for 2 hours, dehydrated in
alcohol and then embedded in paraffin. Serial sections
were cut with a rotary microtome to a thickness of 4 µm
and left on a slide drier at 37°C overnight. The sections
were subsequently used for immunohistochemistry and
tissue staining [i.e., hematoxylin-eosin (H&E)]. 
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Immunohistochemistry

Sections were prepared for immunohistochemical
staining with various antibodies by using xylene to
deparaffinize, alcohol to dehydrate and 5% H2O2 toneutralize endogenous peroxidase activity. Antigen
retrieval for the Trk C antibody was done using 1 mM
ethylene diamine tetra acetic acid (EDTA) pH 8.0,
whereas 10 mM citric acid buffer, pH 6.0 was employed
for BDNF, NT-3, NT-4/5, Trk B and alpha-smooth
muscle actin (SMA). Nonspecific binding of antibody
was prevented by using appropriate blocking serums
specific to each experiment. Lung sections were
examined for the expression of BDNF, NT-4/5, Trk B
and Trk C using rabbit polyclonal antibodies (Santa
Cruz) diluted 1:25 and goat polyclonal antibody (Santa
Cruz) diluted 1:10 for detecting NT-3 expression. The
slides were left overnight at 4°C. Mouse monoclonal
SMA (Sigma) diluted 1:100 was used for staining
smooth muscle cells. Finally, mouse monoclonal
antibody (Dako) diluted 1:500 was used against PCNA
(Proliferating cell nuclear antibody). 

Considering previously identified difficulties with
the neurotrophin immunohistochemistry (Rush and
Zhou, 2001), we included the following control
experiments (data shown in Fig. 1 and 2 and data not
shown): negative controls (i.e., the omission of primary
antibody or the employment of an irrelevant antibody
resulted in no staining of the tissue of interest;
performed for all antibodies), immunoabsorption (i.e.,
with the increasing amount of specific blocking peptide
against the antibody, the intensity of immuno-
histochemical staining gradually decreased and
eventually was removed; performed for NT-3 and
BDNF) and finally knock-out embryonic tissues kindly
provided by Dr. Tessarollo (Tessarollo et al., 1994) (i.e.,
NT-3-/- and BDNF-/- lungs were negative for NT-3 and
BDNF respectively). 
TUNEL in situ detection

To identify the apoptotic cells terminal
deoxynucleotidyl transferase mediated dUTP nick end
labelling (TUNEL) method was used (R&D Apoptosis
Detection Kit). In brief, after employing protein kinase
(15 minutes) and quenching steps, the sections were
labelled by biotinylated nucleotides using Terminal
deoxynucleotidyl Transferase (TdT) enzyme for 1 hour
in a humidity chamber at 37°C. Some samples were
incubated without TdT as negative controls. The
incorporated nucleotides were detected using
streptavidin solution. The sections were counterstained
with hematoxylin.
Injection of NTs 

It has been clearly demonstrated that administration
of a single injection of different putative neurotrophic
factor to mouse embryos in utero on E14 is sufficient to

significantly reduce the normal death of spinal motor
neurons when assessed on E18 (Houenou et al., 1994).
To study the role of exogenous NTs in lung
organogenesis, saline, BDNF or NT-3 was injected into
the amniotic sac of embryos at E13.5 (before this stage,
the viability of embryos was extremely low due to the
amniotic puncture and this issue was extensively
examined in the past) (MacIntyre et al., 1995).
Nonetheless, we believe that the choice of the embryonic
day for the intra-amniotic injections was appropriate,
because it preceded the first appearance of FBMs at
E14.5 (Kitterman, 1996) by one day. In brief,
anesthetized pregnant mice were administered a
subcutaneous injection of Ketoprofen (i.e., analgesic) 5
µg/g of body weight and Baytril (i.e., antibiotic) 2.5
µg/g of body weight diluted in saline. After exposing the
abdominal cavity by a midline incision, one horn of the
uterus containing the embryos was pulled out. A
modified Hamilton syringe and a needle with outer
diameter of 0.15 mm was used for injections. The
embryos were injected intra-amniotically with 10 µl of
saline (i.e., sham-injected group), 10 µl of BDNF (1
µg/µl) (i.e., BDNF-injected group) or 10 µl of NT3 (1
µg/µl) (i.e., NT-3-injected group). The concentration of
the injected NTs was determined according to the
previously performed experiments, where a neuronal
rescue was successfully obtained (Houenou et al., 1994).
The horn of the uterus was then returned to the
abdominal cavity and the same technique was used for
the other horn. The female was sutured and allowed to
recover. The injected embryos were harvested at E17.5.
Morphometry and statistical analysis

The smooth muscle cells with the positive reaction
against SMA, PCNA and TUNEL (i.e., proliferation and
apoptosis index respectively), were counted among 500
randomly selected cells in the airways of corresponding
size (N.B., the size of the airways was determined by the
characteristics of the respiratory epithelium in the
particular section through the airway) in serial sections
at the magnification of 400x, as previously described
(Inanlou and Kablar, 2003, 2005a,b). The number of
SMA stained cells was counted under the magnification
of 400 times in 10 randomly chosen microscopic fields
(up to 500 cells) with the area of 9 mm2 per field. An
effort was made to distinguish between SMA-positive
cells not associated with an airway from those cells that
are clearly polarized around an airway. At E18.5, the
arterial and airway smooth muscle cells were
distinguished based on the epithelial morphology (i.e.,
the blood vessels endothelium was simple squamous,
while the epithelium of the airways was at least
cuboidal). The number of independent experiments was
three for the control (n=3) and three for the mutant (n=3)
embryos in all experiments. The statistical analysis was
done using SPSS (version 11) software. Data are
presented as means ± standard deviation (sd). Statistical
significance was considered at P<0.05 in all
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experiments. The values were compared by ANOVA
followed by Bonferoni post hoc correction for multiple
or Student’s t test for paired comparisons.
Results

The expression pattern of the endogenous (i.e.,
pulmonary secreted) NTs and their receptors is similar
between control and hypoplastic lung

The first step in understanding whether NTs and

their receptors play a role during lung development, and
in particular in the pathogenesis of pulmonary
hypoplasia, was to compare the expression pattern of
NTs and the receptors between control and hypoplastic
lung employing immunohistochemistry. The expression
of pulmonary-secreted BDNF, NT-3 and NT-4/5 was
examined in both wild-type (i.e., control) and amyogenic
(i.e., Myf5-/-:MyoD-/-) embryos. Careful examination of
lung mesenchyme revealed that cells in the
mesenchymal lung compartment expressed the NTs
similarly in both normal and hypoplastic lungs. In
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Fig. 1. Expression pattern of
NTs is indistinguishable
between wild-type and
amyogenic embryos. In
paraffin sections of E18.5
wild-type (A, C, E) and
hypoplastic (B, D, F) lungs,
immunostained against NT-3
(A, B), BDNF (C, D) and NT-
4/5 (E, F), it is revealed that
the expression pattern of all
NTs (i.e., the red-brown
immunohistochemical signal)
is indistinguishable between
the wild-type and amyogenic
embryos in the: a) epithelium
of the conductive system
(short arrows), b) epithelium
of the respiratory system
(long arrows), and c)
mesenchymal compartment
of the lung (arrowheads).
Note that while normally
developing lung of wild-type
embryos is composed of
widened saccules, the
hypoplastic lung of
amyogenic embryos is
composed of acinar or
dilated acinar tubules (see
Figure 3 for more details).
Negative controls are
represented in the A, C and
E insets. Scale bar: 50 µm. 



addition, the epithelial cells of the conductive and
respiratory systems showed no difference in the
expression of NTs in wild-type compared to amyogenic
embryos (Fig. 1A-F). Similarly, the distribution of high-
affinity neurotrophin receptors Trk B and Trk C seemed
to be indistinguishable in the mesenchymal and
epithelial compartments of both normal and hypoplastic
lungs (Fig. 2A-D). Even though the abundant expression
of BDNF, NT-3 and their receptors was observed in the
lung tissue, a very precise expression pattern of the same
antibodies was observed in other adjacent tissues of the
same section (i.e., the positive control tissues). For
example, somatic motor neurons in the thoracic spinal
cord expressed all four proteins in a very specific
manner, suggesting that the staining in the lung tissue
was also specific. In addition, the insets in Fig. 1 and
Fig. 2 show no immunohistochemical signal when the
primary antibody is omitted (i.e., the negative controls).
Finally, Western analysis on the control and hypoplastic
lung tissues using anti-BDNF and anti-NT-3 confirm our
immunohistochemical findings (data not shown).
Exogenous NTs alone cannot rescue lung hypoplasia in
amyogenic embryos

To examine the role of non-lung-secreted NTs in the
pathogenesis of lung hypoplasia, the embryos were
injected intra-amniotically with saline (i.e., sham or

control injections) or BDNF or NT-3 (i.e., experimental
injections) at E13.5 and histological evaluation was
performed at E17.5 as a criterion for detecting
pulmonary hypoplasia (Porter, 1998). Since the skeletal
muscle precursor cells and the CNS does not secrete
adequate amounts of NTs in the amyogenic embryos
(Kablar and Belliveau, 2005; Stephens et al.,, 2005),
there is a possibility that the lung hypoplasia is caused
by the lack of non-lung secreted NTs. Our findings
showed that, compared to the lung of wild-type embryos
composed of well-expanded saccules at E17.5 (Fig. 3A,
C,E), the amyogenic lung consisted of acinar or dilated
acinar tubules (Fig. 3B,D,F) and did not have visible
saccules in either of the two experimental groups (i.e.,
BDNF- or NT-3-injected mouse embryos). Therefore,
development of the hypoplastic lung was not rescued,
based on the histological examination, after the
canalicular stage by either BDNF or NT-3. At this point,
we did not perform further analysis of the lung
phenotype of NT-injected embryos. In the same
experiment, the injected BDNF or NT-3 rescued spinal
cord motor neurons (Geddes and Kablar; Angka and
Kablar, unpublished data), indicating that the injected
NTs actually reached the target. This is an expected
result, since it was clearly demonstrated in the past, that
the administration of a single injection of different
putative neurotrophic factor to mouse embryos in utero
on E14 is sufficient to significantly reduce the normal

935
Neurotrophins, muscle and lung development

Fig. 2. Expression pattern of high
affinity neurotrophin receptors is
similar between wild-type and
amyogenic embryos. In paraffin
sections of E18.5 control (A, C) and
hypoplastic (B, D) lungs,
immunostained against Trk B (A, B)
and Trk C (C, D), the expression
pattern of the receptors is similar
between the: a) epithelium of the
conductive system (short arrows), b)
epithelium of the respiratory system
(long arrows), and c) mesenchymal
compartment of the lung
(arrowheads). Note that while
normally developing lung of wild-type
embryos is composed of widened
saccules, the hypoplastic lung of
amyogenic embryos is composed of
acinar or dilated acinar tubules (see
Figure 3 for more details). Negative
controls are represented in the A and
C insets. Scale bar: 50 µm.



death of spinal motor neurons when assessed on E18
(Houenou et al., 1994). Moreover, since Western
analysis on the control and hypoplastic lung tissues
using anti-BDNF and anti-NT-3 cannot discriminate
between the endogenously present NTs versus the
exogenously introduced NTs, the sham injections and the
motor neuron rescue remain the only possible controls
for this experiment.
Amyogenic embryos have less smooth muscle cells in
their airways

It has been shown in vitro that mechanical forces are

important for proliferation of smooth muscle cells
(Buck, 1983; Dartsch et al., 1986). In addition,
pulmonary development is reported to be influenced by
mechanical forces due to the spontaneous contractions of
ASMCs (McCray, 1993). To study the amount,
proliferation and cell death of smooth muscle cells in the
wall of airways in vivo, we performed immunostaining
against smooth muscle actin (i.e., SMA), proliferating
cell nuclear antigen (PCNA) and TUNEL labeling of
apoptotic cells in the lung of control, mdx:MyoD-/-9th,
Myf5-/- and amyogenic embryos. Even though, a few
other markers, such as the smooth muscle myosin heavy
chain, h-caldesmon, caplonin and SM22, would be more
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Fig. 3. Intra-amniotic injections of
NTs do not rescue the
hypoplastic lung phenotype. H&E
stained cross sections of the
control (i.e., sham-injected
embryos) (A, B) and the
experimental lung tissues (i.e.,
BDNF-injected embryos in C, D
and NT-3-injetced embryos in E,
F) show normal lung developed in
wild-type embryos (A, C, E) and
consistently hypoplastic lung
development in amyogenic (B, D,
F) embryos. Intra-amniotic
injections of BDNF (C, D) and
NT-3 (E, F) do not improve the
histo-pathology of the hypoplastic
lung in amyogenic embryos (D,
F); while normally developing
lung of wild-type embryos is
composed of widened saccules
(arrowheads in A, C, E), the
hypoplastic lung of amyogenic
embryos is composed of acinar or
dilated acinar tubules (arrowhead
in B, D, F), suggesting that it is
arrested in the canalicular stage.
Scale bar: 50 µm.



specific for the ASMCs, we employed anti-SMA
because it is also expressed in myofibroblasts,
myoepithelial cells and myoendothelial cells, i.e., the
cell sub-populations that may be the only possible
phenotype in the double-compound lung.

At earlier stages of lung development, the expression
pattern of all markers in the layer of smooth muscle cells
seemed to be indistinguishable between normal and
hypoplastic lungs (data not shown). However, at later
stages, the expression pattern of SMA appeared to be
decreased and the number of SMA-expressing cells was
52% lower (P<0.05) in amyogenic embryos (i.e., 115±6
SMA-positive cells per 500 nuclei counted) in
comparison to the control (i.e., 241±9 SMA-positive
cells per 500 nuclei counted) and Myf5-/- or
mdx:MyoD-/-9th embryos (Fig. 4 and data not shown),
indicating that airways are surrounded by lower amounts
of SMA-expressing cells in the hypoplastic lungs of only
amyogenic embryos. In all experimental groups it was
not possible to observe any TUNEL-positive cells in the
place of SMA-expressing smooth muscle cells and only
a few smooth muscle cells were positive for PCNA (i.e.,
2±1 PCNA-positive cells per 500 nuclei counted in the
control and all experimental groups; P>0.05). These data
indicate that cell death and cell proliferation are not
likely mechanisms leading to a difference in the number
of ASMCs of amyogenic embryos. 
Discussion

It has been shown that mechanical factors (e.g.,
FBMs) are required for normal lung growth (Kitterman,
1996; Inanlou and Kablar, 2003, 2005a,b). Surprisingly,
recent studies show that NTs and their receptors are also
expressed in the lung, suggesting a role of NTs in lung
development (Shibayama and Koizumi, 1996;
Lommatzsch et al., 1999; Ricci et al., 2000, 2004;
Hikawa et al., 2002). Finally, the CNS and the skeletal
musculature is an important source of certain NTs

(Ernfors et al., 1992), such as BDNF and NT-3. Taken
together, the purpose of this study was to investigate the
potential role of lung- and non-lung-secreted NTs as
hormonal factors in lung organogenesis and
pathogenesis of the lung hypoplasia in vivo. Employing
genetically engineered mouse embryos which lack
skeletal muscles (i.e., Myf5-/-:MyoD-/-) provided us
with the opportunity to study lung growth in the absence
of NTs secreted by the skeletal musculature. In addition,
to study the role of ASMCs in the pathogenesis of
pulmonary hypoplasia, we employed three different
mouse models lacking either various subpopulations of
muscles (e.g., mdx:MyoD-/-9th and Myf5-/- embryos) or
the entire skeletal muscle lineage (Myf5-/-:MyoD-/-
embryos). Our data show that neither endogenous (found
in the lung) nor exogenous (from CNS/muscle) BDNF
and NT-3 are likely contributors to the lung
organogenesis and pulmonary hypoplasia. In addition,
the amount of ASMCs does not seem to play a role in
the development of lung hypoplasia, but ASMC number
appears to be greatly affected in the complete absence of
FBMs.

In adult mice, BDNF was observed in the respiratory
epithelium (Lommatzsch et al., 1999), while the
expression of all three muscle-secreted neurotrophins
(i.e., BDNF, NT-3 and NT-4/5) was detected in certain
types of pulmonary cells (e.g., macrophages and type I
pneumocytes) (Hikawa et al., 2002). Moreover, in adult
mice, both Trk B and Trk C were found to be expressed
(Hikawa et al., 2002). Very recently, in the adult human
lung, bronchial epithelium was found immunoreactive
for all muscle-secreted NTs, with a higher intensity of
BDNF, but it did not express NT receptors (Ricci et al.,
2004). On the other hand, alveolar epithelium was
immunoreactive for Trk C, but did not express NTs or
other receptors (Ricci et al., 2004). In our experiments,
immunohistochemistry against BDNF, NT-3, NT-4/5 and
their high affinity receptors (i.e., Trk B and Trk C) was
performed to elucidate the expression pattern of
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Fig. 4. The number of smooth muscle cells is significantly decreased in the airways of the lung in amyogenic embryos. Immunohistochemistry against
SMA reveals a weaker and less defined immunostaining (i.e., the red-brown signal; arrowheads in all pictures) around the airways in the lung of
amyogenic embryos (arrowhead in C), compared to wild-type embryos (arrowheads in A) or Myf5-/- embryos (arrowheads in B), at later stages of lung
development (i.e., E17.5-E18.5). Scale bar: 50 µm.



neurotrophins during normal and hypoplastic mouse
lung development. Our data revealed a quite ubiquitous
expression pattern of all five molecules in both, the
epithelial and the mesenchymal compartments of the
developing mouse lung. Surprisingly, the distribution
pattern of any of the five molecules employed was
indistinguishable between normal and hypoplastic lung
in both compartments. In conclusion, these findings
connoted that expression of NTs and their receptors by
pulmonary cells was not disturbed in the hypoplastic
lung, therefore suggesting that pulmonary-secreted NTs
and their receptors do not play a role in the pathogenesis
of pulmonary hypoplasia. However, by contrast, a down-
regulation of NT-3 was reported in adult human chronic
obstructive pulmonary disease (COPD) (Groneber et al.,
2005), suggesting that in adult human COPD the
requirements for NT-3 differ from those in the FBMs-
dependent pulmonary hypoplasia in developing mouse
embryos.

To study the possible role in lung organogenesis of
exogenous NTs secreted by the skeletal muscles and
CNS, wild-type and amyogenic embryos were injected
intra-amniotically with either saline (sham), BDNF or
NT3 at E13.5 and harvested at E17.5. Histological
evaluation as a criterion for lung hypoplasia (Porter,
1998) showed no difference in the histology of the lung
between sham- and NTs-injected embryos. These data
indicate that during development non-lung-secreted NTs
do not play a significant role in the pathogenesis of lung
hypoplasia. On the other hand, it is hard to rule out the
role for NTs in lung organogenesis by substituting only
one NT at the time, since skeletal muscle and CNS are
known to produce multiple factors that may be required
for normal lung development. However, recent study
that reports normal lung development in BDNF-/- mouse
embryos (Lomatzsch et al., 1999) suggests that BDNF
has no role in lung development, whereas to our
knowledge no data are available on the lung
development in NT-3-/- mice. Finally, considering that
the vasculature of the developing lung is different from
other tissues (and in the case of double-mutant embryos,
it may even lack some smooth muscle cells), it could be
that the pulmonary vasculature wall is not capable of
transmitting the NTs to the correct target site.

During development, smooth muscle cells of the
airways are subjected to intermittent mechanical forces
produced by FBMs. Previous studies have shown that
mechanical forces play an important role in modulating
the growth of smooth muscles (Buck, 1983; Dartsch et
al., 1986). In addition spontaneous contractions in the
smooth muscle cells of the airways have been observed
during development in many species including human
(Sorokin, 1961; McCray, 1993). These contractions are
suggested to cause distention and contraction within
developing airways and pre-alveolar ducts by altering
intra-luminal pressure and also to play a role in normal
formation of airspaces through cell stretch. The fact that,
in our experiments, the smooth muscle phenotype is only

observable in amyogenic fetuses (and not for example in
Myf5-/- or mdx:MyoD-/-9th fetuses that also die from
pulmonary hypoplasia) (Inanlou and Kablar, 2003,
2005a,b), leads to the conclusion that spontaneous
contractions of airway smooth muscles should not have
an impact on the pathogenesis of lung hypoplasia.
Instead, it appears possible that in amyogenic embryos
the absolute absence of mechanical forces from FBMs
causes the decrease in the amount of smooth muscle
cells via an unknown underlying mechanism. That
mechanism probably does not involve disturbances in
the cell cycle kinetics, according to our PCNA and
TUNEL data. In fact, in spite of ASMCs hyperplasia in
asthma, it was not possible to detect an increased rate of
proliferation in the biopsies employing PCNA (Stewart,
2004). It has been argued that in chronic asthma the rate
of cell proliferation may be too small to detect an
increase over the baseline level of cell turnover.
Alternatively, the hypertrophied ASMCs may be
showing some changes in de-differentiation from the
pre-existing fibroblasts (Gizycki et al., 1997) or a failure
in migration into the appropriate layer of the airway wall
(Vignola et al., 2001). However, the later possibility
seems to be an unlikely mechanism in the hypoplastic
embryonic lung, since the expression of SMA did not
change in its localization within the airway wall and it
was normal up to E18.5 even in amyogenic embryos.
Instead, our data suggest that the achievement of normal
amount of ASMCs could rely on myofibroblast de-
differentiation (Gizycki et al., 1997) that seemingly
failed in the absolute absence of FBMs. Finally, in the
other two models (i.e., Myf5-/- or mdx:MyoD-/-9th
embryos), the apparent presence of either diaphragmatic
or intercostal muscle movements respectively is
sufficient to maintain the normal number of ASMCs in
spite of a concomitant down-regulation of growth factors
(e.g., PDGFs, IGFs) (Inanlou and Kablar, 2003,
2005a,b), which are also suggested to influence
proliferation of ASMCs (Noveral et al., 1994; Hirst et
al., 1996). Clearly, the underlying mechanism of
disturbance in the growth of smooth muscles of the
airways has yet to be defined. In conclusion, it is
tempting to speculate that the changes in cell cycle
kinetics, in the expression of growth factors and in cell
migration do not establish the amount of ASMCs, while
FBMs emerge as the more important determinant of the
ASMC numbers possibly via influencing the
myofibroblast de-differentiation.
Acknowledgements. We thank Anne C. Belliveau for expert technical
assistance. This work was supported by an operating grant from Natural
Sciences and Engineering Research Council of Canada (NSERC) and
infrastructure grants from Canada Foundation for Innovation (CFI) and
Dalhousie Medical research Foundation (DMRF) to B.K. M.R.I. is the
recipient of a Nova Scotia Health Research Foundation (NSHRF)
fellowship for this project. M.-M.K. is the recipient of a Murray MacNeil
Summer Studentship.

938
Neurotrophins, muscle and lung development



References

Barbacid M. (1994). The Trk family of neurotrophin receptors. J.
Neurobiol. 25, 1386-1403.

Barbacid M. (1995). Structural and functional properties of the TRK
family of neurotrophin receptors. Ann. NY Acad. Sci. 766, 442-458.

Buck R.C. (1983). Behavior of vascular smooth muscle cells during
repeated stretching of the substratum in vitro. Atherosclerosis 46,
217-223.

Dartsch P.C., Hammerle H. and Betz E. (1986). Orientation of cultured
arterial smooth muscle cells growing on cyclically stretched
substrates. Acta Anat. 125, 108-113.

Ernfors P., Merlio J.P. and Persson H. (1992). Cells expressing mRNA
for neurotrophins and their receptors during embryonic rat
development. Eur. J. Neurosci. 4, 1140-1158.

Gizycki M.J., Adelroth E., Rogers A.V., O'Byrne P.M. and Jeffery P.K.
(1997). Myofibroblast involvement in the allergen-induced late
response in mild atopic asthma. Am. J. Respir. Cell. Mol. Biol. 16,
664-673.

Groneberg D.A., Peiser C., Eynott P.R., Welker P., Erbes R., Witt C.,
Chung K.F. and Fischer A. (2005). Transcriptional down-regulation
of neurotrophin-3 in chronic obstructive pulmonary disease. Biol.
Chem. 386, 53-59.

Henneberger C., Grantyn R. and Rothe T. (2000). Rapid genotyping of
newborn gene mutant mice. J. Neurosci. Methods 100, 123-126.

Hikawa S., Kobayashi H., Naoshi H., Kusakabe T., Hiruma H.,
Takenaka T., Tomita T. and Kawakami T. (2002). Expression of
neurotrophins and their receptors in the peripheral lung cells of
mice. Histochem. Cell Biol. 118, 51-58.

Hirst S.J., Barnes P.J. and Twort C.H. (1996). PDGF isoform-induced
proliferation and receptor expression in human cultured airway
smooth muscle cells. Am. J. Physiol. 270, L415-L428.

Houenou L.J., Li L., Lo A.C., Yan Q. and Oppenheim R.W. (1994).
Naturally occurring and axotomy-induced motoneuron death and its
prevention by neurotrophic agents: a comparison between chick and
mouse. Prog. Brain Res. 102, 217-226.

Inanlou M.R. and Kablar B. (2003). Abnormal development of the
diaphragm in mdx:MyoD-/-9th embryos leads to pulmonary
hypoplasia. Int. J. Dev. Biol. 47, 363-371. 

Inanlou M.R. and Kablar B. (2005a). Abnormal development of the
intercostal muscles and the rib cage in Myf5-/- embryos leads to
pulmonary hypoplasia. Dev. Dyn. 232, 43-54.

Inanlou M.R. and Kablar B. (2005b). Contractile activity of skeletal
musculature involved in breathing is essential for normal lung cell
differentiation, as revealed in Myf5-/-:MyoD-/- embryos. Dev. Dyn.
233, 772-782.

Inanlou M.R., Dhillon G.S., Belliveau A.C., Reid G.A.M., Ying C.,
Rudnicki M.A. and Kablar B. (2003). A significant reduction of the
diaphragm in mdx:MyoD-/-9th embryos suggests a role for MyoD in
the diaphragm development. Dev. Biol. 261, 324-336.

Kablar B. and Belliveau A.C. (2005). Presence of neurotrophic factors in
skeletal muscle correlates with survival of spinal cord motor
neurons. Dev. Dyn. 234, 659-669.

Kitterman J.A. (1996). The effects of mechanical forces on fetal lung
growth. Clin. Perinatol. 23, 727-740.

Klein R. (1994). Role of neurotrophins in mouse neuronal development.
FASEB 8, 738-744.

Laird P.W., Zijderveld A., Linders K., Rudnicki M.A., Jaenisch R. and
Berns A. (1991). Simplified mammalian DNA isolation procedure.

Nucleic Acids Res. 19, 4293. 
Lewin G.R. and Barde Y.A. (1996). Physiology of the neurotrophins.

Annu. Rev. Neurosci. 19, 289-317.
Lomen-Hoerth C. and Shooter E.M. (1995). Widespread neurotrophin

receptor expression in the immune system and other non-neuronal
rat tissues. J. Neurochem. 64, 1780-1789.

Lommatzsch M., Braun A., Mannfeldt A., Botchkarev V., Botchkareva
N., Paus R., Fischer A., Lewin G. and Renz H. (1999). Abundant
production of brain-derived neurotrophic factor by adult visceral
epithelia. Am. J. Pathol. 155, 1183-1193.

MacIntyre D.J., Chang H.-H. and Kaufman M.H. (1995). Teratogenic
effects of amniotic sac puncture: a mouse model. J. Anat. 186, 527-
539.

McCray P.B. Jr. (1993). Spontaneous contractility of human fetal airway
smooth muscle. Am. J. Respir. Cell Mol. Biol. 8, 573-
580.

Noveral J.P., Bhala A., Hintz R.L., Grunstein M.M. and Cohen, P.
(1994). Insulin-like growth factor axis in airway smooth muscle cells.
Am. J. Physiol. 267, L761-L765.

Porter H.J. (1998). Pulmonary hypoplasia--size is not everything.
Virchows Arch. 432, 3-6.

Ricci A., Greco S., Mariotta S., Felici L., Amenta F. and Bronzetti E.
(2000). Neurotrophin and neurotrophin receptor expression in
alveolar macrophages: an immunocytochemical study. Growth
Factors 18, 193-202.

Ricci A., Felici L., Mariotta S., Mannino F., Schmid G., Terzano C.,
Cardillo G., Amenta F. and Bronzetti E. (2004). Neurotrophin and
neurotrophin receptor protein expression in the human lung. Am. J.
Respir. Cell Mol. Biol. 30, 12-19.

Rudnicki M.A., Braun T., Hinuma S. and Jaenisch R. (1992). Inactivation
of MyoD in mice leads to up-regulation of the myogenic HLH gene
Myf5 and results in apparently normal muscle development. Cell 71,
383-390. 

Rush R.A. and Zhou X.F. (2001). Neurotrophin immunohistochemistry in
peripheral tissues. Methods Mol. Biol. 169, 21-29.

Shibayama E. and Koizumi H. (1996). Cellular localization of the Trk
neurotrophin receptor family in human non-neuronal tissues. Am. J.
Pathol. 148, 1807-1818.

Sicinski P., Geng Y., Ryder-Cook A.S., Barnard E.A., Darlison M.G. and
Barnard P.J. (1994). The molecular basis of muscular dystrophy in
the mdx mouse: a point mutation. Science 244, 1578-
1580.

Sorokin S. (1961). A study of development in organ cultures of
mammalian lungs. Dev. Biol. 3, 60-83.

Stephens H.E., Belliveau A.C., Gupta J.S., Mirkovic S. and Kablar B.
(2005). The role of neurotrophins in the maintenance of the spinal
cord motor neurons and the dorsal root ganglia proprioceptive
sensory neurons. Int. J. Dev. Neurosci. 23, 613-620.

Stewart A.G. (2004). Emigration and immigration of mesenchymal cells:
a multicultural airway wall. Eur. Respir. J. 24, 515-517.

Ten Have-Opbroek A.A.W. (1991). Lung development in the mouse
embryo. Exp. Lung Res. 17, 111-130. 

Tessarollo L., Tsoulfas P., Martin-Zanca D., Gilbert D.J., Jenkins N.A.,
Copeland N.G. and Parada L.F. (1993). TrkC, a receptor for
neurotrophin-3, is widely expressed in the developing 
nervous system and in non-neuronal tissues. Development 118,
463-475.

Tessarollo L., Vogel K.S., Palko M.E., Reid S.W. and Parada L.F.
(1994). Targeted mutation in the neurotrophin-3 gene results in loss

939
Neurotrophins, muscle and lung development



of muscle sensory neurons. Proc. Natl. Acad. Sci. USA 91, 11844-
11848.

Tschumperlin D.J. and Drazen J.M. (2005). Chronic effects of
mechanical forces on airways. Annu. Rev. Physiol. (in press)

Vignola A.M., Gagliardo R., Siena A., Chiappara G., Bonsignore M.R.,

Bousquet J. and Bonsignore G. (2001). Airway remodeling in the
pathogenesis of asthma. Curr. Allergy Asthma Rep. 1, 108-
115. 

Accepted March 16, 2006

940
Neurotrophins, muscle and lung development


