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The pathogenesis of pulmonary hypoplasia associ-
ated with congenital diaphragmatic hernia (CDH) is
unknown. The sonic hedgehog (Shh) cascade is cru-
cial for the patterning of the early respiratory system
in mice. To establish whether Shh plays a role in the
pathogenesis of lung hypoplasia in CDH, we investi-
gated the gestation-specific expression of Shh in nor-
mal rat and human lungs using in situ hybridization
and immunohistochemistry. The expression pattern
was compared with that of age-matched samples of
hypoplastic lungs associated with CDH in humans
and in the 2,4-dichlorophenyl-p-nitrophenylether
(nitrofen) rat model. Our results showed that in nor-
mal controls the expression of Shh increased with
advancing gestation, peaked in the late pseudoglan-
dular stage, and declined thereafter. The expression
of Shh is initially down-regulated in pulmonary hypo-
plasia associated with CDH and peaks instead during
the late canalicular stage. These data indicate that
maximal expression of Shh occurs when respiratory
bronchioles develop and thinning of the interstitium
takes place, suggesting that Shh may play a role in
these processes. Furthermore, we observed that Shh
inhibited fetal lung fibroblast proliferation in vitro.
Therefore, it is tempting to speculate that alterations
in Shh expression may affect these developmental
processes, thereby contributing to the pulmonary ab-
normality in CDH. (Am J Pathol 2003, 162:547–555)

Congenital diaphragmatic hernia (CDH) occurs with an
approximate prevalence of 1 in 2500 to 3000 newborns.1

Mortality for this anomaly has been variably reported from
20 to 40% recently2,3 and this mortality is felt to be
primarily because of associated pulmonary hypoplasia.4

The current therapies that exist are purely supportive in
nature. To develop new treatment modalities we require a
better understanding of the pathogenesis of lung hyp-

oplasia in the case of CDH. The lungs of babies who have
succumbed from diaphragmatic hernia show a charac-
teristic histological pattern of pulmonary hypoplasia. The
lungs show a weight that is disproportionately small com-
pared to birth weight.5 In addition, they have a reduced
number of airway branches and a reduction in vascular-
ization,6,7 which has been well correlated with animal
models.8 The lungs appear to be arrested at an earlier
stage of development in that the interstitium has not
thinned and there is a reduction in cellular maturity. There
are fewer terminal bronchi associated with fewer terminal
saccules. Furthermore, as the interstitium does not thin
out normally, there is a greater distance from air sac to
capillary. The cellular and molecular mechanisms re-
sponsible for the pulmonary immaturity are not under-
stood.

Lung development is guided by tissue interac-
tions.9–11 Although the exact cell-cell signaling mole-
cules remain to be identified, genetic analysis suggests
that the sonic hedgehog (Shh) signaling cascade is im-
portant for murine lung development. Shh-null mutant
(shh�/�) mice display pulmonary hypoplasia as well as
tracheoesophageal fistulas.12 Surprisingly, proximal-dis-
tal differentiation of lung epithelium was normal in shh�/�

mice.13 Overexpression of Shh in distal lung epithelium
resulted in the absence of functional alveoli and an in-
crease in interstitial tissue caused by an increased pro-
liferation of both epithelial and mesenchymal cells.14

Transgenic newborn mice die soon after birth, probably
owing to respiratory failure. Cell differentiation was nor-
mal in Shh-overexpressing mice lungs. These data indi-
cate that Shh is important for branching morphogenesis
but not for proximal-distal differentiation. The significance
of Shh in human lung development, however, has yet to
be elucidated.

Shh is transcribed as a 48-kd molecule and subse-
quently cleaved into two subunits, a 19-kd NH2-terminal
peptide and a 26- to 28-kd COOH-terminal peptide.15

The NH2 moiety is modified by the addition of a choles-
terol terminus that acts as a cell membrane anchor and,
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thus, Shh can have local effects. The COOH moiety is
freely diffusible and can have downstream effects in a
concentration-dependent manner. Shh binds to a multi-
ple pass membrane-spanning receptor known as
Patched.16,17 Activation of the Ptc receptor releases an
inhibition of a second membrane receptor known as
Smoothened.18 This then activates three zinc-finger tran-
scription factors, Gli1, Gli2, and Gli3,19 which are ex-
pressed in lung mesoderm rather than endoderm. Ge-
netic manipulations have revealed important roles for Gli
proteins in murine lung development.20,21 The remainder
of the signaling cascade remains somewhat elusive,
however, it may involve the families of fibroblast growth
factors and bone morphogenetic proteins.22–25

These results indicate a role for Shh signaling in pul-
monary branching morphogenesis in mice. We sought
first to elucidate the spatial and temporal pattern of Shh
expression in the normal rat and human developing lung.
We then compared this to the expression pattern in lungs
affected by pulmonary hypoplasia secondary to CDH. In the
rat model, CDH was induced with nitrofen.26 We show
herein that Shh expression peaks once the tracheobron-
chial tree has been formed. Shh peak expression is down-
regulated in hypoplastic lungs associated with CDH. In
addition, the effect of Shh on fetal lung fibroblast prolifera-
tion was assessed and it appears that Shh inhibits fetal lung
fibroblast proliferation. Thus, delayed pulmonary down-reg-
ulation of Shh in case of CDH may have a causative role in
reduced branching and interstitial thickening observed in
lung hypoplasias associated with CDH.

Materials and Methods

Materials

Culture media, antibiotics, fetal bovine serum, and ascor-
bic acid were purchased from Life Technologies, Inc.
(Grand Islands, NY). Four-well culture dishes were from
Nunc (Intermed, Denmark). Trypsin was from Becton
Dickinson Labware (Bedford, MA) and [3H]thymidine
from Amersham (Arlington Heights, IL). Recombinant Shh
(rShh) protein (19-kd N-terminal) was expressed as a
GST fusion protein in Escherichia coli DH5� (a gift from Dr.
CC Hui, Hospital for Sick Children, Toronto, Canada). The
GST-rShh protein was purified from E. coli by affinity chro-
matography on glutathione agarose. The beads were
then treated with Factor Xa to cleave the rShh moiety and
released rShh was collected. Recombinant Shh (full
length) was also stably expressed in mammalian Cos-1
cells (a gift from Dr. CC Hui). Shh monoclonal antibodies
(5E1) were obtained from Developmental Studies Hybrid-
oma Bank (Iowa City, IA).

Animals

Female (220 to 250 g) and male (250 to 300 g) Wistar rats
were obtained from Charles River (St. Constant, PQ, Can-
ada). The animals were kept in a controlled light-dark
cycle and food and water were supplied ad libitum. Rats
were mated overnight and the finding of a sperm-positive

vaginal smear was designated day 0 of gestation. Timed
pregnant dams were euthanized with diethyl ether ex-
cess at day 12 to day 22 (full term) gestation. The fetuses
were removed by cesarean section and washed in
Hanks’ balanced salt solution. Pneumonectomy was per-
formed with the aid of a dissecting microscope. The
lungs were fixed in 4% (v/v) paraformaldehyde in phos-
phate-buffered saline (PBS), dehydrated in a graded se-
ries of ethanol, cleared in xylene, and embedded in para-
plast. All protocols were evaluated and approved by the
Animal Care Committee of the Hospital for Sick Children.

Nitrofen

CDH was created in fetal rats by administering orally 100
mg of the herbicide 2,4-dichlorophenyl-p-nitrophe-
nylether (nitrofen) (Rohm & Haas Co., Philadelphia, PA) in
1 ml of olive oil to pregnant dams at 9 days of gesta-
tion.8,26,27 The rats were euthanized with diethyl ether
excess at 12 to 22 days of gestation and underwent
cesarean section to remove the fetuses. The fetuses were
transected and examined for the absence of a dia-
phragm (�80% of fetuses were affected). The lungs of
affected fetuses were dissected, fixed in 4% (v/v) para-
formaldehyde in PBS, dehydrated in a graded series of
ethanol, cleared in xylene, and embedded in paraplast.
Disposal of all waste products containing nitrofen was
done according to local regulations of the Hospital for
Sick Children and all experimental procedures were ap-
proved by the Department of Occupational Health and
Safety of the Hospital for Sick Children.

Human Lung Tissues

Human lung tissue was obtained from 6 weeks to 40
weeks (full term) of gestation. Fetuses between 6 weeks
and 21 weeks of gestation were obtained with patient
consent from elective terminations of pregnancies. Lungs
were isolated, fixed, and embedded in paraplast. Lung
tissue from 24 weeks to 40 weeks of gestation was ob-
tained from archived material at the Hospital for Sick
Children and Sophia Children’s Hospital. All of these
children succumbed to stillbirth or asphyxial deaths.
Their lungs appeared to be histologically normal by post-
mortem examination. Four human samples were tested
for each of the embryonic (7 to 8 weeks), pseudoglandu-
lar (12 to 16 weeks), canalicular (18 to 21 weeks), and
saccular (29 to 35 weeks) stages of lung development.
Six samples were tested from the alveolar stage (38 to 40
weeks) of lung development. Human age-matched lung
samples were obtained from fetuses with CDH (gesta-
tional age 8 to 21 weeks) that were the product of a
termination of the pregnancy. The diagnosis of CDH was
made by ultrasound scanning initially and confirmed mi-
croscopically on postmortem examination. Tissue was
also obtained from the lungs of babies who died of pul-
monary hypoplasia associated with CDH (gestational age
of 24 to 40 weeks). The diagnosis of CDH was confirmed
at postmortem. Furthermore, the diagnosis of pulmonary
hypoplasia was confirmed by a reduced lung weight and
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a consistent histological appearance. We obtained five
human CDH samples from the pseudoglandular stage
(14 to 16 weeks), two CDH samples of the canalicular
stage (18 to 21 weeks), three CDH samples of the sac-
cular stage (32 to 35 weeks), and six CDH samples of the
alveolar stage (38 to 40 weeks) of lung development.
There were samples of lungs from babies with right, left,
and bilateral diaphragmatic hernias. In all cases, the
ipsilateral lung was studied. All human tissue samples
were obtained in accordance with the ethical guidelines
of the Research and Ethics Board of the Hospital for Sick
Children and Sophia Children’s Hospital.

In Situ Hybridization

Sections of 5 �m were cut and mounted on Superfrost
slides (Fisher Scientific, Unionville, Ontario, Canada). Hu-
man Shh cDNA (a gift from Dr. CC Hui) was subcloned in
the PCRII vector (InVitrogen, Carlsbad, CA) to generate
sense and anti-sense digoxigenin-labeled cRNA probes
according to the RNA labeling and detection kits (nonra-
dioactive) from Roche (Laval, Quebec, Canada). In situ
hybridization to lung tissue from different normal gesta-
tional ages and from hypoplastic lungs associated with
CDH was performed as previously described27,28 with
minor modifications. Briefly, the slides were dewaxed and
rehydrated in a series of dilutions of ethanol. To enhance
signal and facilitate probe penetration, sections were
transferred to a pressure cooker containing 1 L of 0.1
mol/L Tris at pH 8.0 and heated at maximum power in a
microwave for 18 minutes. The slides were cooled with
the lid on for 15 minutes and then for an additional 30
minutes with the lid off. The tissue was then refixed with
4% (v/v) paraformaldehyde in PBS for 30 minutes. The
slides, washed with PBS and 10� standard saline citrate,
were blocked with a prehybridization solution for 1 hour at
room temperature. The probe was added to each tissue
section at a concentration of 1:500 and hybridized over-
night at 37°C. After high stringency washing (2� stan-
dard saline citrate twice, 1� standard saline citrate twice,
0.5� standard saline citrate twice at 52°C), sections were
incubated with an alkaline phosphatase-conjugated
sheep anti-digoxigenin antibody, which catalyzed a color
reaction when using a BCIP (5-bromo-4-chloro-3-indolyl
phosphate) substrate system (Roche). All slides were
stopped at the same time to make semiquantitative com-
parisons of Shh mRNA expression between different
stages of development and normal versus CDH lungs. A
purple/black precipitate indicated a positive signal.
Sense probes served as control and did not give any
signal. Slides were counterstained with nuclear fast red
and mounted with Permount (Fisher Scientific). In situ
hybridizations were repeated a minimum of three times
on each tissue sample.

Immunohistochemistry

Sections of rat and human lungs were evaluated for the
presence of Shh protein using a mouse monoclonal an-
tibody to Shh (clone 5E1). Tissue sections were dewaxed

in ethanol and rehydrated in a graded series of ethanol.
Antigen retrieval was performed by boiling the sections in
10 mmol/L of sodium citrate solution, pH 6.0, for two
periods of 5 minutes in a microwave at medium high.
Between the boiling periods the sections were allowed to
cool down for 20 minutes. After rinsing in PBS, endoge-
nous peroxidase activity was quenched with 1% (v/v)
hydrogen peroxide in methanol. Nonspecific binding
sites were blocked using 5% (v/v) normal goat serum and
1% (w/v) bovine serum albumin. The slides were then
incubated at 4°C overnight with a 1:50 dilution of Shh
monoclonal antibody. After washing in PBS, the slides
were incubated with a 1:300 dilution of biotinylated sec-
ondary sheep anti-mouse antibody at room temperature.
After washing, sections were incubated with avidin-biotin
complex (Vecastain) kit from Vector Laboratories (Burl-
inghame, CA) for 2 hours at room temperature. Subse-
quently, after washes in PBS and Tris-buffered saline
(TBS), the sections were developed using a 3,3-diamino-
benzidine substrate. Again, all slides were stopped at the
same time to make semiquantitative comparisons of Shh
protein expression between different stages of develop-
ment. After washes with in TBS and PBS, sections were
counterstained using Carazzi’s hematoxylin and mounted
with Permount.

Isolation of Fetal Lung Fibroblasts

Pregnant rats were killed on day 18 of gestation by diethyl
ether excess. The fetuses were aseptically removed from
the mothers and the fetal lungs dissected out in cold
Hanks’ balanced salt solution without calcium and mag-
nesium [HBSS(�)] and cleared of major airways and
vessels. The lungs were washed twice in HBSS(�),
minced, and suspended in HBSS(�). Fibroblasts were
isolated from the fetal lungs as described in detail previ-
ously.29

[ 3H]Thymidine Incorporation into DNA

Fetal lung fibroblasts, cultured for 48 hours in Ham’s
F12/Dulbecco’s modified Eagle’s medium (DMEM) plus
10% (v/v) fetal bovine serum, were incubated for 12 hours
in serum-free MEM before a 24-hour incubation in the
presence of 2 �Ci/ml of [3H]thymidine with medium of
Shh-expressing Cos-1 cells with and without pretreat-
ment with 10 �g/ml of Shh monoclonal antibody (mAb).
Serum-free MEM was used as control. Alternatively, fetal
lung fibroblasts growing in Ham’s F12/DMEM plus 5%
(v/v) fetal bovine serum were incubated for 24 hours with
increasing dosages of rShh (19-kd fragment) in the pres-
ence of 2 �Ci/ml of [3H]thymidine. At the end of the
incubation period the media were aspirated and the cells
were rinsed twice with ice-cold PBS. The amount of ra-
dioactive thymidine incorporated into DNA was then
measured as previously described.30 Thymidine incorpo-
ration into DNA was calculated as dpm/well.
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Results

Developmental Pattern of Shh Expression in Rat
Lung

In situ hybridization analysis revealed minimal Shh mRNA
expression at 13 days of gestation (Figure 1A). Overde-
veloping the day-13 tissue sections, however, elucidated
a positive signal. After day 13 of gestation, Shh mRNA
expression increased and peaked at 18 days of gesta-
tion. Thereafter, Shh message decreased and disap-
peared by the first postnatal day. Shh mRNA expression
localized to the airway epithelial cells. Initially Shh mes-
sage was detected in the distal as well as in the proximal
airways. As gestation advanced, the expression disap-
peared in the distal cells ahead of that of the proximal
airway epithelial cells. Immunohistochemical analysis of
the same tissue samples revealed a similar Shh protein
expression pattern (Figure 1B). Shh protein was detected
in airway epithelial cells as early as at fetal day 13,
increased to a maximal expression at day 18 with a rapid
and progressive decline thereafter.

Developmental Pattern of Shh Expression in
Hypoplastic Rat Lung

Of the fetuses born to dams treated with nitrofen, �80%
were affected with CDH. This was diagnosed by micro-
scopic examination and only those with CDH were used
for the purposes of this study. The lungs studied were on
the ipsilateral side to the diaphragmatic hernia. Pulmo-
nary hypoplasia was diagnosed based on consistent his-
tological findings of delayed pulmonary maturation and in
particular a delay in branching morphogenesis and a
delay in thinning of the interstitium. In situ hybridization
demonstrated the appearance of Shh mRNA at 13 days
of gestation, however, again only by overdeveloping the
tissue sections (Figure 2). In comparison with control rat
lung, progression of Shh expression was thereafter mark-
edly delayed with maximal expression occurring at term.
This held true for both proximal and distal airway expres-
sion patterns with relatively high levels of Shh message
demonstrable throughout the hypoplastic rat lung at 22
days of gestation.

Developmental Pattern of Shh Expression in
Human Lung

The earliest human sample that was analyzed was at 8
weeks of gestation. In situ hybridization demonstrated the
presence of Shh mRNA in the primitive airway epithelial
cells (Figure 3A). The positive Shh signal increased in
intensity to a maximum expression at 16 to18 weeks of
gestational age. Thereafter Shh mRNA expression rapidly
declined such that it was present only in the proximal
large airways at 32 weeks of gestation and had com-
pletely disappeared by 35 weeks of gestation.

Developmental Pattern of Shh Expression in
Hypoplastic Human Lung

Shh mRNA expression was detected at very early stages
of development, however, in a markedly reduced signal
in comparison to that of control lung samples (Figure 3B).
The mRNA expression increased to a maximal demon-
strable level in the late canalicular/saccular period (21 to
32 weeks of gestation). Shh message continued to be
detectable in lower levels at 35 weeks and term, which is
in contrast to control samples.

Shh Inhibits Fibroblast Proliferation

The mitogenic effect of Shh was investigated by incubat-
ing fetal lung fibroblasts with medium of Cos-1 cells
stable-transfected with full-length Shh (Figure 4A). Addi-
tion of increasing amounts of Cos-1 medium did not
significantly alter [3H]thymidine incorporation into DNA.
Preincubation of Cos-1 medium with Shh mAb resulted in
a marked stimulation in DNA synthesis, whereas prein-
cubation of MEM with Shh mAb had no effect on DNA
synthesis. In a second series of experiments, fetal lung
fibroblast were grown in MEM in the presence of 5% (v/v)
serum and increasing amounts of recombinant Shh
(rShh). As can be seen in Figure 4B, rShh inhibited DNA
synthesis of fetal lung fibroblasts in a dose-dependent
manner.

Discussion

Sonic hedgehog has been previously localized to airway
epithelium of the developing rat lung by whole mount in
situ hybridization.13 The entire gestational expression
profile in the lung, however, has not been described.
Herein we show that Shh mRNA expression in the pulmo-
nary epithelium peaks at days 18 to 19 of gestation in the
fetal rat and declines steadily and rapidly thereafter. The
developmental pattern for Shh immunostaining in fetal rat
correlated very closely with that of the in situ hybridiza-
tion. It can therefore be assumed that Shh mRNA expres-
sion reflects that of Shh protein. Immunostaining for Shh
in the developing mouse lung revealed that Shh expres-
sion peaked at days 17 to 18 (term) of gestation.31 Stain-
ing was intense in the epithelium of both conducting and
distal airways. We have demonstrated a similar pattern in
the rat with Shh expression disappearing in the distal
cells ahead of that of the proximal airway epithelial cells.
Days 18 to 19 of gestation in the rat correspond to the late
pseudoglandular, early canalicular period of develop-
ment, a time of terminal bronchial division, interstitial
thinning, epithelial differentiation as well as of intense
pulmonary vascularization. It is during this period that the
pulmonary capillary system becomes intimately linked to
the pulmonary airspaces. Although the exact function of
Shh in later lung morphogenesis has yet to be elucidated,
an attractive theory is that Shh is involved in regulating
some of these developmental processes. As seen in
mice,31 we found a persistence of Shh expression in the
proximal conducting airways after its disappearance in
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Figure 1. Expression pattern of Shh in developing rat lung. A: In situ hybridization showed that Shh expression (purple signal) localized to the airway epithelium.
It could only be detected at day 13 by overexposing the section. The positive Shh signal increased in intensity during development until it peaked at day 18, and
declined thereafter. As gestation advances, Shh expression disappeared in the distal airways ahead of the proximal airways. B: Immunohistochemical analysis
confirmed the gestational pattern of Shh expression. All photomicrographs are shown at the same magnification.
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the distal airways. Its persistence in this region may be
important in continued apposition of the airways with
major vascular structures or in cytodifferentiation of the
conducting airway epithelium. In mice, it has been shown
that Shh staining in conducting airways co-localized with
that of nonciliated Clara cell marker, CCSP, but not cili-
ated epithelial cell markers, hepatocyte nuclear factor/
forkhead homologue-4 (HFH4), and �-tubulin.31 In the
present study, we also found that Shh inhibited fetal lung
fibroblast growth and, thus, it is conceivable that Shh
contributes to the interstitial thinning occurring at the late

pseudoglandular and early canalicular stages of lung
development.

The importance of Shh in human brain development
has been a matter of intensive research.32,33 Although
Shh plays a crucial role in murine lung development,12 its
expression pattern in the developing human lung has not
been previously reported. In the present study, we show
a very tight association between the pulmonary expres-
sion patterns of Shh in the fetal rat and human. As men-
tioned earlier, the expression pattern of Shh in the devel-
oping rat lung is very similar to that of mice. Together
these similarities in pulmonary Shh expression suggest
that rodents are suitable models for elucidating the role of
Shh in human lung development.

The pathological findings in pulmonary hypoplasia as-
sociated with CDH are that of a reduced number of
terminal bronchial divisions, delayed interstitial thinning,
as well as a reduction in pulmonary vascularization.5–7,25

Many authors have speculated that the pulmonary hyp-
oplasia of CDH is not only related to a pressure phenom-
enon secondary to herniation of the bowel contents into
the thoracic cavity.8,28,34 Nitrofen has been used in preg-
nant rat dams to induce a diaphragmatic hernia in at-
tempts to further delineate the pathophysiology of the
associated pulmonary hypoplasia. It has been shown in
separate studies,27 that nitrofen alone negatively influ-
ences lung-branching morphogenesis regardless of the
presence or absence of an intact diaphragm.8 It is thus
speculated that the biochemical signaling process in-
volved in abnormal diaphragm development may also be
involved in abnormal pulmonary morphogenesis or that
they may be two independent developmental processes
affected by nitrofen. Sonic hedgehog is an attractive
morphogen to implicate in these processes because it
appears to be most highly expressed during a period of
gestation coincident with the abnormalities seen histolog-
ically on examination of hypoplastic lungs. In the present
study, we compared rat and human fetuses with CDH
and again observed a dramatically similar pattern be-
tween the two species although quite different from the
control samples. The early-onset rat model of nitrofen-
induced pulmonary hypoplasia showed a maturational
delay in the expression of Shh. Instead of a peak mRNA
expression at the late pseudoglandular-early canalicular
stage, we observed a maximal Shh expression at term.
As in the rat, Shh expression in human pulmonary hypo-
plasia associated with CDH was delayed. Maximal ex-
pression of Shh was at �21 to 32 weeks of gestation
corresponding to the late canalicular/early saccular pe-
riod of development. The expression of Shh subsequently
diminished quite rapidly in both rat and human pulmo-
nary hypoplasias with advancing gestation.

We speculate that the maturational delay in Shh ex-
pression may be critical to the development of pulmonary

Figure 3. Developmental expression of Shh in normal human lung and hypoplastic lungs associated with CDH. A: In situ hybridization demonstrated Shh mRNA
expression as early as 8 weeks of gestational age. The positive Shh signal increased in intensity with advancing gestation, reaching a peak at 16 weeks. At 32
weeks, a positive Shh signal was only detected in the large proximal airways. Shh expression disappeared at 35 weeks. B: In CDH lungs Shh message was detected
as early as 16 weeks, however peak expression was markedly delayed until 21 to 32 weeks. At 35 weeks, positive Shh signal was present in many of the larger
airways. All photomicrographs are shown at the same magnification.

Figure 2. Expression pattern of Shh in hypoplastic rat lungs secondary to
CDH. In situ hybridization revealed that Shh mRNA appeared at day 16 of
gestation in CDH lungs, however, the signal was reduced in intensity when
compared to age-matched control. In contrast to control, maximal expression
was seen at term (day 22) instead of day 18. All photomicrographs are shown
at the same magnification.
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hypoplasia associated with CDH. It is well known that
surgical decompression of the abdominal contents post-
natally does not induce rapid lung growth.35 Although
prenatal tracheal ligation in experimental models in
vivo36–38 and in vitro39 of CDH has resulted in accelerated
lung growth, significant variability in lung growth has
been observed in early clinical trials of tracheal ligation
including a negative effect on type II cell differentiation.
One must therefore hypothesize that aberrant biochemi-
cal signaling inherent to CDH that cannot be altered by
physical and mechanical forces alone or their reversal. It
is evident that a better understanding of Shh signaling in
normal lung growth and development is required to un-
derstand the impact of its aberrant expression in CDH.
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