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ABSTRACT 

Pulmonary hypoplasia and persistent pulmonary hypertension are the main causes of mortality 
and morbidity in newborns with congenital diaphragmatic hernia (CDH). Prenatal tracheal 
occlusion or ligation (TL) is known to accelerate lung growth, but the mechanism of this is 
poorly understood. Nitrofen is well known to induce CDH and lung hypoplasia in a rat model of 
CDH, but its mechanism of action remains unknown. 
The aim of the present study is to increase the understanding of the biological mechanisms 
underlying growth and development after prenatal TL in the fetal lung and the underlying 
pathogenesis of CDH, in order to improve outcomes for neonates with CDH. 
The experiments were conducted in an animal model of stimulated lung growth after prenatal 
TL, and in the teratogen model of induced CDH and lung hypoplasia after nitrofen 
administration. In order to be able to establish the accuracy of the experimental model for 
further molecular examinations, the histological structure of these fetal lungs was first 
evaluated, and global gene expression analysis using the Affymetrix Platform and the RAE 230 
set arrays was then performed. For validation of the microarray data quantitative real-time PCR 
of the most significantly up or down-regulated genes was performed, combined with 
immunohistochemical (IHC) analysis of lung sections, or Western Blot analysis, for validation 
at a protein level. 
Fetal lungs after TL showed evidence of growth stimulation with increased volume density of 
alveolar air space (Vva) and increased radial alveolar count (RAC), comparable to findings in 
normal neonatal lungs. After nitrofen administration lungs had a more immature appearance, 
both in the ipsi and contralateral side of the diaphragm defect, with decreased Vva and RAC. 
In the TL-group, several transcripts with growth factor activity had an increased expression, 
including connective tissue growth factor (CTGF), insulin-like growth factor-I (IGF-I) and 
fibroblast growth factor 18 (FGF-18). Some of the genes with a decreased expression after TL 
are involved in surfactant synthesis and metabolism, such as surfactant protein A (SP-A), 
apolipoprotein E (Apo-E) and phospholipase group II A2 (plg2a2). These results were 
confirmed with real-time PCR and IHC studies. 
Genes with a decreased expression in nitrofen induced CDH included several growth 
Factors, including CTGF, and growth factors receptors involved in lung development, 
transcription factors, water and ion channels, genes involved in angiogenesis and extracellular 
matrix. These results were confirmed with real-time PCR and Western Blot. 
CTGF expression on gestational day 14 (E14) was localized to the epithelium of distal airways, 
increasing during gestation in days 17 (E17) and 21 (E21). CTGF was increased after TL, both 
at the mRNA and protein level, and decreased in nitrofen induced CDH, compared to controls 
(E21). The expression pattern for CTGF in TL-lungs was mostly located to the epithelium of 
the terminal bronchiole, with decreasing expression pattern distally, whereas in the CDH group, 
CTGF protein expression seemed to be located mostly to the lung mesenchyma. 
Summarizing, prenatal TL has been proven to accelerate lung growth, with increased expression 
of genes and proteins with growth factor activity, such as CTGF. We further describe the CTGF 
expression pattern during lung development. The pathogenesis of lung hypoplasia and 
congenital diaphragmatic hernia in the nitrofen model includes alteration at a molecular level of 
several pathways involved in lung growth and development, fluid balance and vascular 
development. The complexity of the nitrofen mechanism of action reminds of human CDH, and 
the picture is consistent with lung hypoplasia and vascular disease, both important contributors 
to the high mortality and morbidity in CDH. Increased understanding of the molecular 
mechanisms that control lung growth may be the key to develop novel therapeutic techniques in 
order to stimulate pre and postnatal lung growth. 
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1 INTRODUCTION 

Congenital diaphragmatic hernia (CDH) is a complex malformation that involves pulmonary 
hypoplasia, abnormal pattern of lung vasculature and diaphragm defect. Despite advances in 
neonatal intensive care, anaesthesia and surgery, it remains one of the most life-threatening 
causes of severe respiratory failure in the neonate, and the overall survival rate for infants with 
CDH has remained at about 50% for nearly half a century. 
 
The application of new technologies, such as the use of microarrays to analyse gene expression 
on a global level, provides insight into cellular processes involved in the regulation of gene 
expression, which is helping to understand pulmonary development at the molecular level. 
  
1.1 HISTORY 

The first description of CDH in a child was made by Holt in 1701. This first era represents the 
era of clinical and pathological description and diagnosis of CDH. In 1754 McCauley described 
the autopsy findings of a one and a half hour old boy in the Proceedings of the Royal College of 
Physicians. In 1769 Morgagni discussed various types of CDH, including the anterior type that 
bears his name. In 1848 Bochdalek speculated that the hernia resulted from a posterolateral 
rupture of the membrane separating the pleuroperitoneal canal into two cavities. During a 
second era attempts to surgically repair were made. The earliest but unsuccessful attempt to 
repair CDH were done by Nauman in 1888 and O`Dwyer. The first report of successful repair 
was in an adult in 1901 by Aue, and in 1905 in a child by Heidenhain. 
In 1925 Hedblom reviewed the 44 reported cases, showing that 75% of the untreated children 
died before 1 month of age. It was believed that, after birth, progressive compression of the lung 
and shift of the mediastinum by the herniated intestine was the sole pathological mechanism. 
Successful repair of CDH remained rare until 1940, when Ladd and Gross reported 9 of 16 
patients surviving surgery, the youngest being 40 hours old, starting the third era of “immediate 
repair”. It was not until 1946 that Gross reported the first infant less than 24 hours old surviving 
surgery. This trend of immediate neonatal surgery continued until the 1980s, when the fourth 
era began, with the slow realization that infants with CDH represented a physiological and not a 
surgical emergency. The fifth and current era began in 1990, with the introduction of permissive 
hypercapnia and improved survival rates. Since about a decade ago, different attempts have 
been made to treat this condition prenatal, emerging a sixth era characterized by the 
implementation of fetal surgery (Puri 1997; Golombek 2002; L. Grosfeld 2006; Muratore 
2000). 
 
1.2  EPIDEMIOLOGY 

The reported incidence of CDH is estimated to be between 1 in 2000 to 5000 births (W. 
Ashcraft 2000; L. Grosfeld 2006; Pober 2007). The incidence in stillborns is less well 
documented. Approximately one third of infants with CDH are stillborn, accounting for the 
“hidden mortality” in CDH (Harrison 1978). These deaths are usually due to associated fatal 
congenital anomalies. When stillborns are counted with live births, females appear to be more 
commonly afflicted than males. 90% of the diaphragmatic defect occurs in the posterolateral 
side, known as Bochdalek hernia, and 80% of them are left sided, 20% right sided. Bilateral 
defects are rare, approximately 0.9% (Harrison 1978; W. Ashcraft 2000; L. Grosfeld 2006).  
The overall mortality remains high, 50-60% despite the introduction of new therapies (Harrison 
1978; W. Ashcraft 2000; L. Grosfeld 2006; Pober 2007). 
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1.3 GENETICS 

The association of CDH with other anomalies suggests an underlying genetic etiology. CDH is 
thought to represent a sporadic developmental anomaly, although a number of familiar cases 
have been reported (Slavotinek 2005; L. Grosfeld 2006; Bielinska 2007; Klaassens, Galjaard 
2007; Pober 2007; Scott 2007; Pober 2008). Structural chromosomal abnormalities have been 
identified in an estimated 33% of cases with CDH, and include trisomies, deletions and 
translocation (Slavotinek 2005; Bielinska 2007; Pober 2007; Scott 2007; Pober 2008). The 
combination of CDH with an abnormal karyotype has been associated with a poor outcome 
(Slavotinek 2005; L. Grosfeld 2006; Bielinska 2007; Klaassens 2007; Pober 2007; Scott 2007; 
Pober 2008). 
 
The cause of CDH is unknown, and, as with other embryopathies, there is increasing evidence 
that CDH may be due to the exposure of genetically predisposed or susceptible individuals to 
environmental factors (Slavotinek 2005; L. Grosfeld 2006; Bielinska 2007; Klaassens 2007; 
Pober 2007; Scott 2007; Pober 2008). Exposure to a number of pharmacologic agents and 
environmental hazard has been implicated in the development of CDH in different animal 
models (Clugston 2006; Beurskens 2007). These include insecticides and drugs such as 
phenmetrazine, thalidomide, quinine, cadmium, lead and nitrofen. There are also clinical 
findings of vitamin A deficiency in CDH infants (Major 1998; Scott 2007; Pober 2008). 
  
1.4  ASSOCIATED ANOMALIES 

In newborns with CDH, associated malformations have an incidence of 30-50% (van Dooren 
2004; Slavotinek 2005; Pober 2007). Skeletal defects have been noted in 32% of CDH infants, 
and include limb reduction and costovertebral defects. Cardiac anomalies have been found in 
24% of infants. Hypoplasia of the left ventricle often associated with hypoplasia of the aortic 
arch is frequently described. Most cardiovascular malformations involve the cardiac outflow 
tract such as ventricular septal defects, tetralogy of Fallot, transposition of the great vessels, 
double outlet right ventricle and aortic coarctation (W. Ashcraft 2000; L. Grosfeld 2006; van 
Dooren 2004; Slavotinek 2005; Pober 2007).  
 
In stillborns with CDH the incidence of associated anomalies is 100%. The most common 
malformations in this stillborn group are neural tube defects, including anencephaly, 
myelomeningocele, hydrocephalus and encephaloceles. Cardiac defects are the second most 
common group and include ventriculoseptal defects, vascular rings and coarctation of the aorta 
(van Dooren 2004; Slavotinek 2005; Pober 2007).  
Other midline developmental anomalies also reported are oesophageal atresia, omphalocele and 
cleft palate. 
 
A number of syndromes have a CDH as a pathologic finding. These syndromes include trisomy 
13, 18 and 21, Frey´s syndrome, Coffin-Siris syndrome, Fryns syndrome, Meacham syndrome 
and Kabuki syndrome (van Dooren 2004; Slavotinek 2005; Pober 2007). 
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1.5 MOLECULAR BASIS FOR LUNG DEVELOPMENT 

Normal lung growth depends on a number of inter-related factors, including genetic, 
environmental and mechanical, for example maternal and fetal nutrition, endocrine factors, fetal 
breath movements, normal fetal lung fluid production, sufficient amniotic fluid volume, 
adequate intra and extra-thoracic space, positive transpulmonary pressure and normal post-natal 
adaptation (Copland 2004; Kumar 2005; Harding 2006).  
  
1.5.1 GENETIC FACTORS 

Lung organogenesis at the earliest stages is controlled by several transcription factors, a group 
of nuclear proteins that influence transcription of target genes, regulating cell proliferation and 
differentiation. Well-coordinated epithelial-mesenchymal interactions continue lung branching 
morphogenesis and the development of proximal and distal airways. Epithelial-endothelial 
interactions then establish a working blood-gas interface. Lung branching morphogenesis and 
alveolization are regulated by transcription factors (Nkx2.1/TTF-1, GATA), growth factor 
signalling molecules (FGF10, BMP4, TGF-β1) and extracellular matrix proteins (collagen, 
elastin, integrins). These molecules function in the context of epithelial-mesenchymal 
interactions regulated by paracrine, autocrine and endocrine mechanisms.  
  
1.5.1.1 Transcription Factors 
Initiation of lung morphogenesis from the primitive foregut requires epithelial-mesenchymal 
signalling leading to well defined and coordinated activation or inhibition of transcription 
factors that bind to specific promoter regions and initiate gene expression. These include lung-
expressed forkhead box (Fox) transcription factors, thyroid transcription factor-1 (TTF-1 or 
Nkx2.1) and zinc finger transcription factors such as GATAs (Mendelson 2000; Metzger 1999; 
Warburton 2000; Chinoy 2003; Copland 2004; Kumar 2005; Warburton 2005; Cardoso 2006; 
Horowitz 2008).  
  
1.5.1.2 Growth Factors 
Induction and modulation of lung morphogenesis is achieved by temporospatial growth factors 
and their receptors that are expressed in the lung mesenchyme and endoderm. Growth factors 
and receptors that play important roles mediating branching and differentiation, and are 
expressed in early mouse embryonic lung, include fibroblast growth factors (FGFs), epidermal 
growth factors (EGFs), transforming growth factor-α (TGF-α), insulin like growth factors 
(IGFs), platelet derived growth factor (PDGF), hepatocyte growth factor (HGF), and 
transforming growth factor-βeta (TGFβs). In general, peptide growth factor receptors with 
tyrosine kinase intracellular signalling domains [such as the EGF receptor (EGFR), FGF 
receptors (FGFRs) including the KGF receptor, c-met, IGF receptor (IGFR), and the PDGF 
receptors (PDGFRs)] stimulate lung morphogenesis, while those receptors with serine-threonine 
kinase intracellular signalling domains [such as TGFβ family of receptors (TGFβRs)] are 
inhibitory. 
The biologic activity of several growth factors is regulated by cytokine binding proteins, which 
act as modifiers and alter the growth promoting activity of the cytokine in either a positive or 
negative fashion. Signalling molecules (cytokines and growth factors) are active at very low 
concentrations, have a very short half-life, and are recognized by cellular receptors with high 
affinity. The receptors are very specific for the signalling molecules that they recognize, 
although in some cases they bind to more than one ligand. Signalling receptors undergo 
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desensitization either by internalization or inactivation after binding their ligands. This provides 
a mechanism for limiting the duration and magnitude of the responses of the target cells to 
signalling molecules (Metzger 1999; Kotecha 2000; Warburton 2000; Chinoy 2003; Warburton 
2003; Copland 2004; Kumar 2005; Warburton 2005; Cardoso 2006; Horowitz 2008). 
 
1.5.2  MECHANICAL FACTORS 
 
1.5.2.1 Fetal Breathing Movements 
In humans fetal breathing movements are detected by 11 weeks gestation, and by 30-40 weeks 
occur 30% of the time. They follow a circadian rhythm, and increase during active periods and 
after maternal meals, probably due to increased blood glucose, and decreases during labour. 
The importance of fetal movements lies in maintaining an adequate lung volume. During fetal 
apnea, which occurs during the major portion of in-utero life, the relatively high resistance of 
the upper airways prevents efflux of the lung fluid, maintaining a satisfactory pressure within 
the lungs. During fetal breathing the upper airway relax and the diaphragmatic contractions 
continue to maintain the lung expansion. Lung expansion together with rhythmic contraction of 
the diaphragm during fetal breathing, appear to be important contributors to lung growth. 
Mitogenic factors have been shown to be released during rhythmic stretch. 
Abnormalities of the thoracic wall, diseases of the muscles or invasion of the intrathoracic 
cavity adversely affect lung development due to restricted space for the lung to growth and poor 
breathing movements (Harding 1996; Kotecha 2000; Copland 2004; Baguma-Nibasheka 2007). 
  
1.5.2.2 Fetal Lung Fluid 
Mammalian fetal lungs produce and secrete fluid throughout gestation. Both tonic and cyclic 
mechanical stretching forces produced by hydrostatic lung fluid pressure, together with fetal 
breathing movements stimulate cellular proliferation, lung growth and maturation.  
The fluid is formed by the epithelial cells, especially of the distal airways, and flows through to 
the upper airway where it is either swallowed or released into the amniotic space. The rate of 
fluid production increases during gestation, predominating from about midgestation, and the 
transport of chloride ions is the main driving force for fluid secretion during this phase (Olver 
1974, Haas 1993), decreasing when the fetus approaches term. This liquid keeps the lung lumen 
free of amniotic fluid, and maintains proper lung expansion, which is crucial for lung 
development. Just before, and directly after, birth, the lungs change to an absorbing phase to 
eliminate the lung fluid, making way for an effective gas exchange. During this phase, sodium 
transport is the main driving force for fluid absorption, but also chloride plays a role in the 
transepithelial fluid absorption (Haas 1993). 
Maintenance of fluid within the fetal lung is essential for normal lung growth, and the balance 
between production and drainage of the fluid from the lung is important for normal 
development. Any condition which affects the balance of formation and drainage of fetal lung 
fluid will adversely affect the development of foetal lung. Loss of extracellular fetal fluids, 
arising from oligohydramnios or by drainage of lung liquid, result in poor pulmonary growth 
and differentiation (Adamson 1969; Olver 1974; Harding 1996; Kotecha 2000; Verkman 2000). 
  
1.5.2.3 Airway Peristalsis 
Airway peristalsis appears in the first trimester and increases in frequency towards birth. The 
phasic waves of contraction of airway smooth muscle cells (ASM) generate intraluminal fluid 
flux and periodic distension and relaxation of the end buds of the lung. By stimulating or 
inhibiting contractility in cultured lung explants airway peristalsis has been shown to be coupled 
to lung growth (Jesudason 2005; Jesudason 2006; Jesudason 2009).  
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1.6 EMBRYOLOGY 

1.6.1 DIAPHRAGM DEVELOPMENT 

The diaphragm is derived from the following structures: a) the septum transversum, which 
forms the central tendon of the diaphragm; b) the two pleuroperitoneal membranes; c) muscular 
components from the lateral and dorsal body walls; and d) the mesentery of the esophagus, in 
which the crura of the diaphragm develop. 
 
The septum transversum is a thick plate of mesodermal tissue that separates the thoracic and 
abdominal cavities, but not completely, leaving large openings, the pericardioperitoneal canals, 
on each side of the foregut. Lung buds expand caudolaterally within the thoracic cavity. The 
opening between the prospective pleural and peritoneal cavities is closed by the 
pleuroperitoneal folds (PPF), which project into the caudal end of the pericardioperitoneal 
canals. Gradually the folds extend medially and ventrally so that by the 7th-8th week they fuse 
with the mesentery of the esophagus and with the septum transversum. Hence the connection 
between the pleural and peritoneal portions of the body cavity is closed by the fusion of the 
pleuroperitoneal membranes.  
 
The pleuropericardial membranes fuse with each other and with the root of the lungs, and the 
thoracic cavity is divided into the definitive pericardial cavity and two pleural cavities.   
Muscularization of the diaphragm appears to develop from the innermost muscle layer of the 
thoracic cavity, although it has been proposed that the posthepatic mesenchymal plate is a 
possible source of muscular tissue. The phrenic nerves supply the diaphragm with its motor and 
sensory innervations (Iritani 1984; W. Sadler 2006). 
 
 
4th week Pleuroperitoneal fold appears from the lateral mesnchymal tissue. 

Formation of the septum transversum from the inferior portion of the pericardial 
cavity, defining the pleuroperitoneal canals 
Establishment of mesenchymal tissue within the pleuroperitoneal canals that ultimately 

results in pulmonary parenchyma development 
6th week Pleuroperitoneal folds extend from the lateral body wall, growing medially and 

ventrally until they fuse with the septum transversum and dorsal mesentery of the 
oesophagus. 

8th week Closure of the pleuroperitoneal canals with the formation of pleuroperitoneal 
membranes. 

Table 1: Schematic view of Diaphragm formation during gestation 
 
CDH has been thought to be caused by the failure of one or both of the pleuroperitoneal 
membranes to close the pleurocardioperitoneal canals. Other research has postulated that 
concurrent hepatic and adrenal organogenesis is crucial to this process. The involvement of a 
posthepatic mesenchymal plate in diaphragmatic formation has been proposed. A recent 
hypothesis suggests that a malformation of the nonmuscular component of the PPF exits that 
underlies the defect. Delay or failure of muscular fusion of the posterolateral diaphragm may 
leave this area weak, predisposing to herniation (Iritani 1984; Ackerman 2007; Clugston 2007). 
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1.6.2 LUNG DEVELOPMENT 

Fetal lung development is divided into five stages: embryonic, pseudoglandular, cannalicular, 
saccular and alveolar. 
  
1.6.2.1 Embryonic stage (3-7 weeks): 
Human embryonic lung development begins during the third week of gestation by the formation 
of a respiratory diverticulum (lung bud), an outgrowth from the ventral wall of the foregut. 
Hence, the epithelium lining the airways and the lungs has an endodermal origin. The 
cartilaginous, muscular and connective tissue components of the trachea and lungs are derived 
from splanchnic mesoderm surrounding the foregut. 
 
The lung bud expands caudally and separate from the foregut. At 5 weeks, these lung buds have 
further developed into two lateral out pouchings, the bronchial buds. At 6 weeks each of these 
buds enlarges to form the right and left main bronchi. The right forms three secondary bronchi 
and the left two, which define the lobar structures. Further branching follows, resulting in 
formation of proximal airways (W. Sadler 2006; Fawcett 1994; Sternberg 1997; Yamada 2002). 
 
Interactions between the mesenchyme and invading epithelium fine tune the temporo-spatial 
expression pattern of signalling transcription molecules. Important growth factors in this stage 
are Shh and FGFs (specifically FGF-10). Important transcription factors are HNF-3β (or 
Foxa2), Hox genes, Gli genes and TTF-1(or Nkx2.1) (Kotecha 2000; Warburton 2000; Chinoy 
2003; Copland 2004; Kumar 2005). 
 
Early Pulmonary Organogenesis: 
FGF-10 is a crucial factor in the initiation of lung development. FGFs are generally produced 
by the pulmonary mesenchyme and have their receptors in the lung epithelium. FGF-10, and 
also FGF-7, bind to FGFR2-IIIb receptor. Shh plays a major role in regulating branching 
morphogenesis in early lung development and is expressed in the pulmonary epithelial cells. 
Shh also affects the differentiation of the peripheral lung mesenchyme towards the smooth 
muscle lineage. TTF-1 plays also a crucial role in early lung development. 
All these factors seem to influence each other. The mesenchymal FGF-10 binds to FGFR2b and 
up regulates the epithelial expression of Shh, which in turn signals back to the mesenchyme via 
the Gli pathway and down regulates FGF-10 expression. 
A similar negative feedback loop is found in bone morphogenetic protein 4 (BMP-4) and 
Sprouty 2 (Spry2), which are expressed in the tips of the developing lung buds, together with 
Shh. Both inhibit branching and proliferation and are stimulated by FGF-10. Once stimulated 
they signal back negatively to FGF-10. FGF-10 seems to set up a negative feedback loop so that 
the epithelium can control the extent of its outgrowth. 
Retinoic acid (RA) seems to regulate Hox genes, transcriptions factors expressed early in the 
developing lung (Metzger 1999; Warburton 2005; Cardoso 2006; Horowitz 2008). 
  
Development of Left-Right Asymmetry: 
At around 5 weeks of gestation five lobes can be seen in the human lung, two on the left and 
three on the right side. The development of this left-right asymmetry is vital for correct 
development and positioning of intrathoracic and intraabdominal organs. Factors influencing 
the development of this left-right asymmetry are Shh, FGF-8, N-cadherin, activin-β, activin 
receptor IIB and Foxa1. All these factors influence the expression patterns of nodal and lefty-
1,2, which belong to the TGF-β family (Metzger 1999; Warburton 2005; Cardoso 2006; 
Horowitz 2008). 
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1.6.2.2 Pseudoglandular stage (7-16 week): 
The pseudoglandular phase of lung development takes place from 7th to 16th weeks of gestation, 
and involves airway differentiation and development of all bronchial airways. Lung buds grow 
in caudal and lateral directions, expanding into the thoracic cavity. The pericardioperitoneal 
canals are gradually filled by the expanding lung buds. The mesoderm, which covers the outside 
of the lung, develops into the visceral pleura. The somatic mesoderm layer, covering the body 
wall from the inside, becomes the parietal pleura.  
During further development secondary bronchi divide repeatedly in a dichotomous fashion, 
forming 10 tertiary (segmental) bronchi in the right lung, and 8 in the left, creating the 
bronchopulmonary segments of the adult lung. A total of 24 generations of bronchi ends in the 
terminal bronchiole. Branching is regulated by epithelial-mesenchymal interactions between the 
endoderm of lung buds and the splanchnic mesoderm that surrounds them.  
Differentiation of the mesenchyme and epithelium begins in the more proximal regions of the 
airways around 10 weeks, and progresses distally. The pulmonary artery and vein develop in 
parallel with the conducting portion of the lungs, and follow the same branching pattern. 
While the bronchial tree is developing, the lungs assume a more caudal position, so that by the 
time of birth the bifurcation of the trachea is opposite the fourth thoracic vertebra (W. Sadler 
2006; Fawcett 1994; Sternberg 1997; Yamada 2002). 
 
Induction of Terminal Airway Branching: 
Members of the TGF-β superfamily (TGF-β1, 2 and 3), their receptors and putative 
downstream signalling molecules, the Smad family, are expressed in early lung development. 
TGF-β1 has a negative influence on airway branching. 
FGF-7 and FGF-10 in the distal epithelium are positive regulators of the branching 
morphogenesis. Other transcription factors involved are N-myc, expressed in the pulmonary 
epithelium, having a positive influence in airway branching and lung growth, and GATA-6, 
expressed in the distal epithelium. A balanced GATA-6 expression in this phase of lung 
development is required for normal branching. Both overexpression and inhibition of GATA-6 
result in decreased branching morphogenesis (Metzger 1999; Warburton 2005; Cardoso 2006; 
Horowitz 2008). 
Physical Factors: 
Several physical forces are exerted on the developing lung at this stage, including: 
a) Fetal Breath Movements (FBM) 
b) Peristaltic airway contraction 
c) Lung fluid circulation  (Kotecha 2000; Warburton 2000; Chinoy 2003; Copland 2004;   
Kumar 2005) 

 
Figure 1: Overview of lung development (Adapted from L. Didon 2008) 
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1.6.2.3 Cannalicular stage (16-24 weeks): 
From the 16th to the 24th weeks of gestation, fetal lung development enters into the cannalicular 
phase of growth. During this period airspace development occurs, and terminal sacs begin to 
take shape. Extensive angiogenesis within the mesenchyme surrounding the distal portions of 
the conducting airways form a dense capillary network leading to vascularization of the 
developing respiratory structures. 
 
Pulmonary Epithelial Differentiation: 
The epithelial cells lining the airways differentiate into more than 20 different cell types with 
highly specific functions. Pulmonary neuroendocrine cells (PNECs) are the first cells to 
differentiate in humans. PNEC development is controlled by basic helix-loop-helix (bHLH) 
transcriptional factors. Notch1 is implicated in regulating PNEC differentiation. Two bHLH 
factors, Hes1 (negative effect on PNEC development) and Mash1 (positive regulation) are 
downstream components of the Notch-signalling pathway. 
 
Epithelial cells further differentiate into ciliated and Clara cells. Type I pneumocytes 
differentiate from cuboidal cells, becoming very thin and flat, and intimately associated with the 
endothelium of blood and lymph capillaries. The terminal bronchioles divide to form two 
respiratory bronchioles, which in turn branch to form three to six primitive alveolar ducts, 
ending in terminal sacs. The surrounding capillaries protrude into the alveolar sacs forming the 
primitive alveoli. This intimate contact between epithelial and endothelial cells makes up the 
blood-air barrier, and gas exchange becomes functionally possible at this stage (W. Sadler 2006; 
Fawcett 1994; Sternberg 1997; Yamada 2002). 
Pod-1 is a bHLH of importance to cell proliferation and differentiation. Pod-1 decreases Clara 
cell secretory protein (CCSP) and increases surfactant protein C (SP-C) expression. Other 
transcription factors implicated are TTF-1, which regulates the transcription of SP-A, SP-B, SP-
C and CCSP, Foxa2 which modulates the expression of SP-B and CCSP, and GATA-6 that acts 
synergistically with TTF-1 to influence the activity of the SP-C promoter (Kotecha 2000; 
Warburton 2000; Warburton 2003; Chinoy 2003; Copland 2004; Kumar 2005). 
At the end of the sixth month, type II alveolar epithelial cells differentiate from type I 
pneumocytes, responsible for surfactant production, the phospholipid-rich fluid capable of 
lowering surface tension at the air-alveolar interface. Peripheral mesenchyme differentiates to 
form visceral pleura, chondrocytes, fibroblasts and myoblasts (W. Sadler 2006; Fawcett 1994; 
Sternberg 1997; Yamada 2002). 
  
Pulmonary Vascularization: 
Cell-extracellular matrix and cell-cell interactions as well as growth and transcription factors are 
involved in vascular development. The surrounding capillaries protrude into the alveolar sacs 
forming the primitive alveoli. This intimate contact between epithelial and endothelial cells 
makes up the blood-air barrier, and contribute to that gas exchange becomes functionally 
possible at this stage. A key player in pulmonary vascular development is VEGF, a potent 
mitogen for endothelial cells. VEGF up regulates nitric oxide synthase (eNOS). Lack of eNOS 
results in pulmonary hypoplasia and decreased number of arteriolar branches. Upstream of 
VEGF are hypoxia-inducible factors (HIF), a family of transcriptional regulators, up regulated 
under hypoxic conditions. Under hypoxic conditions, they recognize HIF-response elements 
within the promoter regions of hypoxia-responsive target genes, including VEGF. 
Inhibition of neovascularization with endothelial monocyte-activating polypeptide (EMAPII) 
result in a cannalicular arrest of lung development, suggesting that branching of the lung and 
vascular development go hand in hand (Parera 2005; Stenmark 2005; Miniati 2007; Hislop 
2005). 
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1.6.2.4 Terminal sac or saccular stage (24-36 weeks): 
Continued maturation of the alveolar airspaces takes place during the saccular phase of lung 
development that extends from 24 weeks´gestation to term. During this time-period there is 
continued remodelling of the airspace dimensions, and a maturation of surfactant synthesis 
capabilities. Branching and growth of the terminal sacs lead to formation of primitive alveoli. 
Stromal thinning results in association of the capillary network with the immature alveoli. The 
cuboidal cells of the terminal sac epithelium differentiate into type II alveolar epithelial cells 
that secrete low levels of surfactant.  
By week 26 an inefficient but functional blood-air barrier has been formed. Maturation of the 
alveoli continues by further enlargement of the terminal sacs, deposition of elastin foci, and 
development of vascularized secondary septae around these foci. The stroma continues to thin 
until the capillaries protrude into the alveolar spaces (W. Sadler 2006; Harding 1996; Fawcett 
1994; Sternberg 1997; Yamada 2002). Apoptosis plays an important role in the condensing of 
the connective tissue between the airspaces and is mediated by proapoptotic factors such as 
TGF-β, and antiapoptotic factors such as IGF-1, NO and secreted apoptosis-related proteins. 
These are all found in the alveolar environment. 
Glucocorticoids receptors (GRs) are present in the mesenchyme and epithelium of the 
developing foetal lung. Their abundance increases with advancing gestation and peaks just prior 
to cellular differentiation, supporting the hypothesis of glucocorticoid importance in late 
gestation (but not in early lung branching). Genes regulated by glucocorticoids in the lung 
include surfactant proteins, TGF-β3 and the retinoid responsive gene midkine (MK) (Kotecha 
2000; Warburton 2000; Warburton 2003; Chinoy 2003; Copland 2004; Kumar 2005). It has 
been shown that prenatal administration of glucocorticoids is beneficial for the treatment of 
lung hypoplasia in sheep, and administration of glucocorticoids to pregnant women at risk of 
preterm birth has been used as a therapy for the improvement of newborn lung function. 
  
1.6.2.5 Alveolar period (36 weeks-term/adult): 
During this period, extensive alveolar maturation and multiplication takes place, with a 10 fold 
increase in the number of functioning alveoli. A process of septal subdivision of existing 
immature alveoli generates new alveoli. As the alveoli mature and the walls thin, there is a 
decrease in the relative proportion of stroma to total lung volume and this contributes 
significantly to growth for one to two years after birth. By three years, the overall morphology 
of the lung has been established and subsequent expansion occurs through a proportional 
growth of all lung components until adulthood. Growth of the lung after birth is due primarily to 
an increase in the number of respiratory bronchioles and alveoli. It is estimated that only one 
sixth of the adult alveoli are present at birth, thus new primitive alveoli will be formed after 
birth (W. Sadler 2006). 
Before birth, the lungs are full of fluid that contains a high chloride concentration, little protein, 
some mucus from the bronchial glands and surfactant from type II cells. The amount of 
surfactant in the fluid increases, particularly during the last 2 weeks before birth. When 
respiration begins at birth, the blood and lymph capillaries rapidly reabsorb most of the lung 
fluid, and a small amount is probably expelled via the trachea and bronchi during delivery. 
When the fluid is reabsorbed from alveolar sacs, surfactant remains deposited as a thin 
phospholipid coat on alveolar cell membranes. With air entering the alveoli during the first 
breath, the surfactant coat prevents development of an air-water (blood) interface with high 
surface tension. Without the fatty surfactant layer, the alveoli would collapse during expiration 
(W. Sadler 2006; Fawcett 1994; Sternberg 1997; Yamada 2002; Harding 1996). 
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Factors that play a role in the alveolization process are Foxa2, GATA-6, PDGF-A, TTF-1 and 
RAR all promoting alveolization (Kotecha 2000; Warburton 2000; Warburton 2003; Chinoy 
2003; Copland 2004; Kumar 2005). 
The final number of alveoli in the fully developed lung ranges from 300-600 million, which are 
approximately 1000 per acinus (Fawcett 1994; Harding 1996; Sternberg 1997). 
 
In CDH, infants are born with hypoplastic, smaller lungs with less number of alveoli (RAC) 
(Bargy 2006). 
  
  Human 

(weeks) 
Rodent 
(days) 

Event 

Embryonic 3-7th gw E 9.5-E 14.2 Organogenesis: development of trachea and 
major bronchi 

Pseudoglandular 7-16th gw E 14.2-E 16.6 Formation of all generations of bronchi, 
development of primitive air sacs. 

Canalicular 16-24th gw E 16.6-E 19.4 Formation of capillary bed and immature air 
sacs, epithelial differentiation 

Saccular 24-36th gw E 19.4-P 5 Expansion of air sacs, surfactant production, 
cell differentiation 

Alveolar 36th gw-
postnatal 

P5-P30 Formation of mature alveoli and expansion 
of air sacs. 

Table 2: Correlation between the stages of lung development in human and rodents 
 (W. Sadler 2006; Brandsma 1994) 
 
 
1.6.3 PULMONARY VASCULAR DEVELOPMENT 

Two processes are implicated in vascular development: angiogenesis (sprouting of new vessels 
from pre-existing ones) and vasculogenesis (development of blood lakes de novo that transform 
into vessels).  
During early fetal development, the airways act as a template for pulmonary blood vessel 
development in that the vessels form by vasculogenesis around the branching airways. In later 
lung development, as the alveoli multiply, new capillaries form by angiogenesis. As blood 
vessels increase in size, they develop a muscle wall that is relatively thick during fetal life and 
shows a rapid reduction after birth.  
Pulmonary circulation is present by 5 weeks of gestation in humans, where a vascular network 
surrounds the emerging lung bud. Pre-acinar arteries and veins are formed by vasculogenesis 
using the airways as a template and all are present by 17 weeks of gestation. The preacinar 
structures include the trachea, major bronchi and lobar bronchi up to the terminal bronchioles. 
Intra-acinar arteries and veins are formed by angiogenesis as long as alveoli increase in number 
and size. This angiogenesis process is mainly driven by hypoxia that serves as a stimulus for the 
induction of transcription factors such as the hypoxia-inducible transcription factor-2 (HIF-2). 
The main target of HIF-2 is vascular endothelial growth factor (VEGF), the most potent 
angiogenic factor that activates nitric oxide synthases, like eNOS, in the vessel wall, which in 
turn produces NO (Parera 2005; Stenmark 2005; Miniati 2007; Kotecha 2000; Copland 2004; 
Hislop 2005; W. Sadler 2006).  
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Microvascular maturation (after birth): 
The lungs mature in a lung with a single-layer capillary bed. Genes known to play a role in 
vascular development, such as VEGF, MK and HIF, have a role in these processes, suggesting 
that oxygen homeostasis in the postnatal lung may play a role in the microvascular maturation. 
VEGF expression is up regulated in lung cells by stretch, supporting a role for vascularization 
in stretch-induced lung growth. But overexpression of VEGF leads to vascular leak and 
pulmonary haemorrhage.  
MK is a retinoic acid-responsive growth factor that induces angiogenesis, cell growth and cell 
migration. MK increases during alveolarization and vascular maturation, suggesting a role of 
MK in this process. Hypoxia during postnatal lung development induces MK production in the 
epithelium in a HIF-1α-dependent manner. 
Decreased Foxf1 expression leads to a disruption in the epithelial-mesenchymal interface with 
increased apoptosis and decreased SP-B expression. This results in alveolarization and 
vasculogenesis defects associated with pulmonary haemorrhage (Hislop 2005; Kumar 2005; 
Parera 2005; Miniati 2007). 
 
Close coordination of growth between airways and vessels is essential for normal lung 
development. Failure of vascular growth during the critical period of lung growth (saccular or 
alveolar stages of lung development) could decrease septation and ultimately contribute to the 
lung hypoplasia that characterizes CDH, and vice versa (Groenman 2005, Stenmark 2005). In 
CDH patients, an abnormal pattern of the lung vasculature has been documented. In affected 
lungs, the total size of the pulmonary vascular bed is reduced and the adventitia and media of 
the pulmonary arteries are increased (Bargy 2006). 
 
 
 
EMBRYONIC STAGE 

Shh, Ptch, Smo, Hip, FGFs, Foxa2, Foxj1a, Foxf1, Hoxa/b, 
Gli2/3, TTF-1, Pitx-2, BMP-4, mSpry2, Tbx4/5, RA, RAR, 
Nodal, Lefty1/2 

 
PSEUDOGLANDULAR STAGE 

TGF-β, Smad, FGFs, GATA-6, N-myc, Shh, BMP-4, 
mSpry2,VEGF, HIFs, FBM 

 
CANNALICULAR STAGE 

VEGF, eNOS, HIFs, Mash1, Hes1, Pod-1, TTF-1, Foxa2, 
GATA-6 

 
SACCULAR STAGE 

 
TGF-β, IGF-1, GC, GR, MK, HIFs, VEGF 

 
ALVEOLAR STAGE 

Foxa2, GATA-6, PDGFs, IGFs, EGFs, TGFs, FGFs, TTF-1, 
RAR 

MICROVASCULAR 
MATURATION 

 
VEGF, MK, Foxf1, HIFs 

 
Table 3: Summary of genetical and physical factors that control the different stages of lung development 
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1.7 PATHOGENESIS 
 
The pathogenetic events resulting in the diaphragmatic defect and pulmonary hypoplasia are 
unknown. Classically, the primary defect is believed to be located in the diaphragm, allowing 
the abdominal organs to herniate through this defect and interfere with normal lung 
development, resulting in a secondary defect: pulmonary hypoplasia and abnormal pulmonary 
vascular development. Recent data from experimental studies with animal models support a 
more complex molecular and cellular hypothesis based on concomitant abnormalities of 
diaphragm and lung development (Rottier 2005; Ackerman 2007; Clugston 2007).  
Different types of animal models are used in CDH research: dietary (Clugston 2006), genetic 
(Clugston 2006), surgically created (Luks 2000; Chapin 2005) and teratogen-induced 
diaphragmatic defects (Beurskens 2007; Kluth 1990). An important drawback in the surgically 
created CDH in lamb or rabbit models is that the diaphragmatic defect is created relatively late 
in gestation, unlike the human disease.  
A number of chemicals have been shown to induce CDH in rodents. One of these, nitrofen (2,4-
dichloro-4´-nitro diphenyl ether) is an herbicide that administrated to pregnant rodents as a 
single oral dose at a specific point in gestation results in multiple teratogenic effects in the fetus, 
including diaphragmatic defects, pulmonary hypoplasia, pulmonary immaturity and pulmonary 
vascular anomalies. Nitrofen interferes with development of the lungs and the diaphragm of the 
offspring, and studies with this animal model have suggested that CDH might be due to primary 
disturbance of pulmonary growth into the pleuroperitoneal canal, thereby disturbing the growth 
of the posthepatic mesenchymal plate, the main origin of the diaphragm. After exposure to 
nitrofen, 100% of the litter has a variable amount of lung hypoplasia, whereas depending on 
animal strain and timing of nitrofen administration, a smaller percentage, varying from 60 to 
90% in rats and 40 to 60% in mice, has a diaphragmatic hernia as well. In this model, the 
diaphragmatic defect is produced during an early stage of lung development and more closely 
reflects the human disease. Observations that both the contralateral and the ipsilateral lung are 
hypoplastic suggest that proper pulmonary development in CDH is already impaired before the 
failed closure of the diaphragm. On the ipsilateral side, growth of the lung is hampered at a later 
phase by the presence of abdominal organs in the thoracic cavity and eventually interference 
with fetal breathing movements (Manson 1986; Kluth 1990; Kluth 1993; Beurskens 2007). 
However, to date no known teratogens have been consistently associated with CDH in humans 
(Manson 1986). 
 
1.7.1 ETIOPATHOGENETICAL THEORIES 

 
Several theories have been proposed in order to explain the origin of this congenital 
malformation and the associated lung hypoplasia with persistent pulmonary hypertension. 
     
1.7.1.1 Diaphragm Malforms Due to a Failure of Pleuroperitoneal Canal Closure 
The most commonly cited explanation for CDH states that there is an abnormality with the 
closure of the pleuroperitoneal canal, the narrow, paired channels located in the dorsolateral 
corners of developing diaphragm connecting the pleural and peritoneal cavities. Closure of the 
canals is among the last stages involved in the separation of thoracic and abdominal cavities 
during embryonic development (W. Sadler 2006). But the diaphragm defects usually arise 
medially to the pleuroperitoneal canals. Also nitrofen causes the formation of well-defined 
holes in the diaphragm on either the right or left side at E14.5, approximately 0.25 and 0.75 
days prior to the closure of the right and left pleuroperitoneal canals respectively (Allan 1997; 
Greer 2000). 
 



 23

1.7.1.2 Diaphragm Malforms as a Result of Improper Embryogenesis of the 
Primordial Diaphragmatic Anlage 
The pleuroperitoneal fold (PPF), the primordial diaphragm, is a triangular-shaped protrusion of 
the body wall composed of the fusion of the primordial pleuroperitoneal and pleuropericardial 
tissues, and extends medially, fusing with the ventral aspect of the primary esophageal 
mesentery. The ventral portion of this fold appears fused with the dorsal aspects of the liver and 
septum transversum. The PPF is innervated at embryonic day 13 (E13) by the phrenic nerve and 
later differentiates into the muscular tissue of the diaphragm (Allan 1997; Greer 2000). 
The nitrofen model of CDH, the vitamin A defficient rats and the wt-1 null-mutant mice, who 
all exhibit a defect in the foramen of Bochdalek (posterolateral diaphragm), show that the 
diaphragm defects occur before the closure of the pleuro-peritoneal canals, and that a defect in 
the nonmuscular component of the PPF is the origin of the defect (Greer 2000; Babiuk 2003; 
Ackerman 2007; Kinane 2007). 
   
1.7.1.3 Diaphragm Malforms Due to Improper Innervation by the Phrenic Nerve 
This is supported by quantitative data from electron micrographs demonstrating that the nerve 
innervating the herniated side of the diaphragm contains fewer axons than normal in late-
gestation embryos. There are decreased numbers of phrenic motoneurons cell bodies within the 
ventral horn of the spinal cord ipsilateral to major herniations. Greer et al found that the 
numbers of phrenic motoneurons on the ipsi- and contralateral sides to the herniation were 
equal prior to the major period of naturally occurring programmed cell death (E15) whereas a 
large reduction in phrenic motoneuron numbers on the ipsilateral side was observed in animals 
with large diaphragmatic defects post- E16 (Allan 1997; Allan 1997; Greer 2000). 
 
1.7.1.4 Diaphragm Tissue Malforms Due to Initial Anomalities in the Adjacent 
Developing Lung 
Some reports suggest that the lung is malformed independently, and perhaps is the primary 
cause of the diaphragmatic anomalities. Iritani et al. studied the tissue from a high dose 
nitrofen-exposed embryonic rat (E14) and proposed that the developing lung was abnormal 
from a very early stage and, by a yet unexplained mechanism, caused secondary malformations 
in the adjacent primordial diaphragm. Nitrofen can on its own, to varying degrees, affect aspects 
of lung development (Iritani 1984; Kluth 1996; Kluth 1996; Allan 1997). 
  
1.7.1.5 The compression of the lungs by herniated viscera is the origin of the 
pulmonary hypoplasia, which worsens in both lungs during gestation (Bargy 
2006) 
Bargy et al studied the pulmonary lesions during gestation in fetuses affected by CDH. They 
carried out a morphological study on 134 human fetuses aged from 22 to 40 weeks of gestation, 
84 fetuses with left-sided CDH and 50 fetuses free of any pulmonary lesions. The anatomical 
and histological analysis was focused on lung weight, alveolar count and wall thickness of the 
distal vessels. Their results indicate that the pulmonary lesions worsen as the pregnancy 
continues. Before 26 weeks, the histology of the lungs is normal, including the vascular 
component. Concerning the lung weight, there were no significant difference between the two 
groups between 22 and 26 weeks. Between 27 and 30 weeks the ipsilateral lung was 
significantly smaller in the CDH group, and beyond 30 weeks both ipsi and contralateral lung 
were significantly smaller in the CDH group. The same results were found in the radial alveolar 
count (RAC) and in the histological study of the distal pulmonary artery wall, showing that it 
becomes thicker in the ipsilateral lung between 27 and 30 week,s and on both sides beyond 30 
weeks. These results demonstrate that the alveolar growth of both lungs is increasingly 
constrained during gestation, and that the pulmonary hypoplasia worsens correlatively.  
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1.7.1.6 Dual-Hit Hypothesis (Keijzer 2000) 
This hypothesis explains the pathogenesis of pulmonary hypoplasia in CDH by two 
developmental insults. The first insult occurs early in development, before diaphragm 
development, given a still unidentified background of genetic and environmental factors. This 
insult affects both lungs during branching morphogenesis. After defective development of the 
diaphragm, the herniated abdominal organs will interfere with fetal breathing movements of the 
ipsilateral lung, resulting in greater impairment of the development of the ipsilateral lung than 
that of the contralateral. This second insult affects the ipsilateral lung only at a later stage of 
development. This was shown by Kejzer et al. in the nitrofen model of CDH. Nitrofen interferes 
with early lung development and branching morphogenesis both in vivo and in vitro, before the 
time that closure of the diaphragm would normally occur in the rat (E15.5). The epithelial cell 
differentiation and proliferation was also disturbed. They suggest that lungs are already 
hypoplastic before the formation of the diaphragmatic defect in the rat model, and it worsens 
along gestation due to the herniation of abdominal contents into the thoracic cavity, interfering 
with fetal breathing movements and lung expansion. 
 
1.7.1.7 Neural crest-derived malformation (Yu 2001) 
CDH in humans is often associated with other abnormalities: cardio-vascular, neurological, 
craniofacial or genitourinary. The nitrofen model of CDH reproduces all these malformations: 
the diaphragm orifice, lung hypoplasia, abnormal lung arterioles, vertebral, rib or limb defects, 
heart defects, great-vessels defects and anomalies of the glands derived from the pharyngeal 
pouches (thymus, parathyroid and thyroid). 
Neural crest cell migration through the pharyngeal arches and into the developing conotruncus 
is necessary for septation of the cardiac outflow and for proper final arrangement of the 
pharyngeal arteries. Pharyngeal pouch derivatives (thymus, parathyroid) and vagal innervations 
share the same origin, the neural crest, and both are abnormal in rats with CDH. The 
resemblance of the malformative clusters accompanying CDH in human and nitrofen-exposed 
rats also suggests common pathogenic pathways at a molecular level. 
  
1.7.1.8 The Smooth Muscle Hypothesis (Jesudason 2006) 
This theory proposes that an early mesenchymal hit could explain embryonic lung 
malformations, fetal failure of lung growth and postnatal susceptibility to barotrauma, airway 
hyperreactivity and pulmonary hypertension in CDH. This hypothesis explains CDH and lung 
hypoplasia as a result from an early lesion of diaphragmatic precursors and mesenchymal 
pulmonary smooth muscle progenitors. The latter then impairs embryonic FGF-10 driven lung 
growth and persists to alter fetal lung compliance (with consequent vulnerability to prenatal 
compression and postnatal barotrauma). FGF-10- producing mesenchymal cells are specific 
progenitors of airway smooth muscle (ASM). They differentiate into ASM during 
embryogenesis and rapidly become synthetically and mechanically active. Their coordinated 
contractility (airway peristalsis) appears to be coupled to lung growth. FGF-10 significantly 
enhances ASM contraction rates and growth in vitro. Abolishing ASM tone impairs overall 
lung size (Jesudason 2006). In CDH therefore an early single mesenchymal hit may start both 
future diaphragmatic and lung defects. Persistence of ASM dysfunction may also help explain 
increased rates of airway hyperresponsiveness in CDH survivors. If mesenchymal progenitors 
of pulmonary vascular smooth muscle (VSM) were similarly affected, it could explain vascular 
hypermuscularisation and pulmonary hypertension in CDH. Both vascular and airway 
hyperreactivity in CDH may be understood in an early smooth muscle lesion (Jesudason 2009). 
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1.7.1.9 The Retinoid Hypothesis (Greer 2003; Montedonico 2008) 
Vitamin A (retinol) is a fat soluble vitamin that controls many developmental genes, mainly by 
its biologically active metabolite retinoic acid (RA). Retinol binds to retinol binding protein 
(RBP) in the blood. Inside the cell, retinol is transformed to RA, oxidation mediated by the 
retinol dehydrogenase 2 (RALDH2). RA enters the nucleus and binds to the nuclear retinoic 
acid receptor (RAR) and retinoid X receptor (RXR), which heterodimerize to the promoter 
region of the gene, the retinoic acid response element (RARE). There is some circumstantial 
and experimental evidence suggesting that abnormalities linked with the retinoid signalling 
pathway in early gestation may contribute to the etiology of CDH. These studies include: 
 
1. Vitamin A deficiency studies: The first published evidence linking retinoids with CDH 
came from the examination of pups born to dams with vitamin A deficient diets. Diaphragmatic 
hernias were present in 25% to 40% of the offspring of vitamin A deficient dams, with the 
majority having right-sided defects. The rate of herniation was decreased when vitamin A was 
introduced into the diet during mid-gestation (White 1998; Clugston 2006; Kling 2007). 
2. Retinoid Receptor Knock-Out Mice: The developing diaphragm strongly expresses 
proteins associated with the metabolism and binding of retinoids. Studies of retinoid receptor 
double null-mutant mice, lacking both α and β subtypes of RAR, have demonstrated that some 
offspring have diaphragmatic hernias similar to those observed with nitrofen exposure or CDH 
(Mendelsohn 1994). 
3. Nitrofen-induced suppression of retinoid response element activation: The 
hypothesis stating that nitrofen acts to perturb the retinoid signalling pathway was tested using 
genetically engineered mice that had lacZ reporter gene linked to the RARE. There was a 
pronounced suppression of RARE-lacZ expression by nitrofen in vitro whole embryo culture 
and in vivo mouse models. Further, the nitrofen-induced suppression in vitro was antagonized 
by supplemental administration of retinoic acid (Chen 2003; Clugston 2009). 
4. CDH-inducing teratogens inhibit retinal dehydrogenase: Nitrofen, bisdiamine, 
BPCA and SB-210661 all induce CDH. Greer et al. demonstrated that all four compounds 
inhibit RALDH-2, the major retinoic acid synthesizing enzyme, in a dose-dependent manner 
(Greer 2000). In the nitrofen model, co-administration of large doses of vitamin A (25 000IU) 
reduces the incidence of CDH by 15% to 30% and attenuate lung hypoplasia (Babiuk 2004). 
Vitamin A must be delivered on multiple days to have any effect with the crucial window 
including days E10-E11. The hypothesis is that large doses of vitamin A provide an increase in 
the substrate for conversion to retinoic acid. This partially offsets the decreased activity of 
RALDH-2 toward the production of retinoic acid. During the time of susceptibility to nitrofen 
(E9-E11), there is a severe dip in retinol levels in the rat due to acute increases of utilization. 
Thus, the embryo may be particularly susceptible to perturbations of retinoid levels during this 
period (Babiuk 2004). 
5. Clinical evidence suggesting decreased markers of vitamin A status in human 
CDH: Retinol and RBP plasma levels were found to be decreased by 50% in a small number of 
newborns with CDH compared with healthy newborns. There is also an association of CDH 
with chromosome 15q defects. A gene in chromosome 15 in the region of the deletion or 
translocation (15q24-26) encodes for cellular retinoic acid binding protein-1 (CRABP1) (Major 
1998; Scott 2007; Pober 2008). 
6. Puri et al showed a down regulation of Cyp26b1 (a member of the cytochrome P450 
family that acts by reducting the activity of RA) (Nakazawa 2007) and LRAT (lecithin-retinol 
transferase that esterifies retinol to retinyl esters for storage) (Nakazawa 2007), both in the 
nitrofen CDH model. 
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1.7.2 LUNG HYPOPLASIA IN CDH  
 

In newborns with CDH a decreased Shh expression (Unger 2003) and FGF-18 (Boucherat 
2007) has been described, as well as increased expression levels of EGF and TGF-α (Guarino 
2004). Plasma levels of retinol and retinol-binding protein (RBP) are decreased (Major 
1998), and glucocorticoid receptor (GR) expression increased (Solari 2002). The expression 
levels of HIF-1a is decreased (de Rooij 2004) whereas the expression of the Endothlin-1 
vasoconstrictor receptors ETA and ETB are increased (de Lagausie 2005); this may contribute 
to the associated PPHN and vascular underdevelopment observed in CDH. No evidence for 
delayed surfactant maturation in newborns has been found (Boucherat 2007). 
 
In the rodent nitrofen-CDH model, among the transcription and growth factors described with a 
decreased expression are Vegf at embryonic days 15 to 18 (E15-E18) (Chang 2004), and in-
vitro in lung explants (Muehlethaler 2008), Fgf-7, Fgf-10 (Teramoto 2003) and Fgf-18 
(Boucherat 2007), Igf-1 (Frenckner 2005), homeobox b-5, Hoxb5 (Chinoy 2003; Martínez 
2007), Wingless/integrated 2 and 7 on gestational day 13 (E13), Wnt 2 and 7 (Takayasu 2007), 
Gata 4 and 6 on gestational day 15 (E15) (Takayasu 2008), Sonic hedgehog, Shh (Unger 
2003), several ion and water channels (Takayasu 2007; Ringman 2008; Ringman 2009) and an 
alteration of the retinoic acid pathway at different levels (Greer 2003; Mey 2003; Nakazawa  
2007; Nakazawa 2007). A decrease in surfactant level has also been reported in this model 
(Mysore 1998; Utsuki 2001; Van Tuyl 2003). There are contradictory reports regarding Ttf-1 
expression levels that have been described to be both decreased and increased in this animal 
model (Losada 1999; Losada 2000; Teramoto 2001; Chapin 2005). The lungs of rodents with 
nitrofen induced CDH have also been shown to have n increased expression of matrix 
metalloproteinase-9, MMP-9 (Tatekawa 2003), intercellular adhesion molecule 1 (ICAM-1) 
and vascular cell adhesion molecule 1 (VCAM-1) (Unemoto 2003). A decreased expression of 
endothelial isoform of nitric oxide synthase, eNOS (North 1995) and increased expression of 
angiotensin converting enzyme, ACE (Bos 1995), endothelin-1 and ETA (Okazaki 1998) and 
altered K+ channel expression (Sakai 2004), have been reported in this animal model, that 
might contribute to increased pulmonary vascular tone in the teratogenic model of CDH. 
 
To summarize, evidence from human studies, supported by the nitrofen CDH model, suggests 
an alteration in the retinoic acid metabolism, resulting in Vitamin A deficiency, which could be 
involved in the development of CDH. Both in human CDH and nitrofen CDH model there is a 
decreased expression of Shh and FGF-18, growth factor that plays an important role in 
remodelling the distal lung during the saccular stage of lung development. A decreased FGF-18 
expression could contribute to the impaired alveolarization observed in CDH. Another 
similarity between human and nitrofen induced CDH in rodents is the pulmonary vascular 
hyperreactivity observed, with an alteration of ETA. These findings support the accuracy of the 
nitrofen CDH model in rodents as an alternative experimental model to study the etiology and 
pathogenesis of this condition, and suggest an alteration of several pathways involved in lung 
development. 
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1.7.3 PULMONARY HYPERPLASIA AFTER PRENATAL TRACHEAL OCCLUSION 

Tracheal obstruction is the most common initiator of pulmonary hyperplasia, as revealed from 
human clinical observations of complete congenital airway obstruction by laryngeal or tracheal 
atresia or agenesis (Wigglesworth 1987; Silver 1988; Scurry 1989). This has led to the 
development of techniques for surgically applied tracheal occlusion or ligation (TL). In utero 
TL is the most potent and widely investigated stimulator of fetal lung growth. TL prevents 
normal egress of lung fluid through the trachea, causing lung distension and increasing the 
normal mechanical stretching of lung parenchymal cells, accelerating both lung growth and 
maturation. Experimental and clinical observations demonstrate that fetal TL increases lung dry 
weight, airway branching morphogenesis and promotes pulmonary vasculature growth (Kitano 
1999; Luks 2000; Chapin 2005; Khan 2007; Kitano 2007; Cloutier 2008). 
Prolonged tracheal occlusion leads to decreased type II cells and subsequent loss of surfactant 
production, whereas removal of obstruction 1 week prior to delivery reverses the negative effect 
of TL in type II cells. Administration of prenatal corticosteroids results also in recovery of type 
II cells (Bullard 1997; Benachi 1998; Luks 2000). However, contradictory reports regarding the 
potential negative effect of TL in surfactant production have been published (Maltais 2003). 
Up-regulated growth factors in animal models of prenatal TL include Fgf-7 or KGF (McCabe 
2001) Igf-1 (Frenckner 2005) and Tgf-β2 (Quinn 1999), supporting the theory that lungs 
subjected to TL undergo a “true” growth, and not merely an enlargement or distension. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Schematic representation of the most 
common type of CDH, the Bochdalek hernia      
with a posterolateral defect on the left side. 
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1.8 PATHOPHYSIOLOGY 
 
During the early development of the diaphragm, the midgut herniates into the yolk sac. If 
closure of the pleuroperitoneal canal has not occurred by the time the midgut returns to the 
abdomen during gestational weeks 9 and 10, the abdominal viscera may herniate through the 
lumbocostal trigone into the ipsilateral thoracic cavity. The resulting abnormal position of the 
bowel prevents its normal counter clockwise rotation and fixation. 
In about 10-15% of CDH patients a non-muscularized membrane forms a hernia sac, and in 
most cases the defect is established by gestational week 12. 
The classic left-sided CDH features a posterolateral defect of varying size in the diaphragm, 
from 2 cm up to total agenesis, through which the abdominal viscera have been translocated 
into the hemithorax. Herniated contents often include the left lobe of the liver, the spleen and 
almost the entire gastrointestinal tract. The stomach is frequently in the chest, which results in 
some degree of obstruction of the gastroesophageal junction. This obstruction causes dilatation 
and ectasia of the esophagus. On a right-sided defect the right lobe of the liver can occupy most 
of the hemithorax (L. Grosfeld 2006). 
Infants with CDH are born with smaller lungs (pulmonary hypoplasia both on the ipsilateral and 
contralateral side) and an associated decrease in the cross-sectional area of the pulmonary 
vasculature (pulmonary vascular hypoplasia). CDH is also associated with delayed lung 
maturation (lower number of airway and vascular generations and decreased radial alveolar 
count) and alterations in pulmonary vascular structure (greater muscularity of the peripheral 
arteries) (Bargy 2006; Sabharwal 2000; van Dooren 2004). Besides the structural anomalies of 
pulmonary vascular development in CDH lungs, pulmonary vascular hyperreactivity has been 
described. This could be the underlying mechanism of persistent pulmonary hypertension 
(PPHT) in CDH (de Rooij 2004; de Lagausie 2005). Endotelin-1 and endothelin A receptors are 
up regulated in lungs of human infants with CDH (de Lagausie 2005). 
During normal fetal development, the pulmonary vascular resistance remains high and the 
foetus shunts oxygenated blood from the placenta through the foramen ovale and ductus 
arteriosus in a right-to-left direction into the systemic circulation. At birth, a number of 
hemodynamic changes take place with the institution of breathing: pulmonary vascular 
resistance falls, as does pulmonary artery pressure, allowing for an increase in pulmonary blood 
flow. Systemic vascular resistance rises, as does left atrial pressure causing the foramen ovale to 
close. Increased arterial oxygen pressure induces spontaneous closure of the ductus arteriosus. 
Transition from a fetal to an adult-type circulatory pattern is accomplished. If pulmonary 
vascular resistance persists to be elevated after birth, it will result in increased pulmonary artery 
pressures and decreased pulmonary vascular blood flow. The increased vascular resistance 
results in the development of right-to-left shunting of blood at either the atrial or ductal levels, 
with the delivery of unsaturated blood into the systemic circulation. The oxygen saturation in 
the systemic circulation falls and the mixed venous return to the rights side of the heart becomes 
progressively desaturated. The resulting hypoxemia and hypercapnia further increase 
pulmonary vascular resistance and compromises pulmonary blood flow while increasing the 
right-to-left shunt flow. Severe and progressive respiratory failure ensues. 
The fact that CDH lungs have a decreased total arteriolar cross-sectional area and an increased 
muscularization of the arterial structures contribute to the persistence of high pulmonary 
vascular resistance. In the postnatal period there is failure of the normal arterial remodelling 
process further maintaining the abnormal vascular resistance. Additional exacerbations of 
pulmonary vascular resistance may be induced by the known stimulators of pulmonary 
hypertension, including hypoxia, acidosis, hypothermia and stress (L. Grosfeld 2006; 
Bosenberg 2008; Hartnett 2008; Waag 2008). 
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1.9  DIAGNOSIS 

1.9.1 PRENATAL 

The diagnosis of CDH is often made on a prenatal ultrasound (US) examination and is accurate 
in 40 to 90% of cases. The mean gestational age at discovery is 24 weeks, and it has been 
reported as early as 11 weeks. Polyhydramnios has been reported present in up to 80% of 
pregnancies with associated CDH. The mechanism of polyhydramnios is thought to be due to 
kinking of the gastroesophageal junction by translocation of the stomach into the thorax with 
resultant foregut obstruction.  
In addition to diagnosis, prenatal US may also be of benefit in predicting outcome by the 
estimation of the severity of pulmonary hypoplasia, measuring the foetal lung volume, 
calculating the right lung area to thoracic area ratio and lung to head ratio. 
US can be limited, and as a result, prenatal magnetic resonance imaging (MRI) evaluation is 
being used with increasing frequency. MRI can readily determine liver position in relation to 
the diaphragm and detect herniated lever into the hemithorax, and can more accurately asses 
lung volume to determine pulmonary hypoplasia with subsequent correlation to outcome 
(Graham 2005; L. Grosfeld 2006; Klaassens 2007). 
  
1.9.2 POSTNATAL 

After birth, the spectrum of respiratory symptoms in an infant with CDH is determined by the 
degree of pulmonary hypoplasia and reactive pulmonary hypertension. The most severely 
affected infants develop respiratory distress immediately after birth, and the majority 
demonstrate respiratory symptoms within the first 24 hours of life. The signs of respiratory 
distress include cyanosis, gasping, sternal retractions and poor respiratory effort. 
Classically these infants have a scaphoid abdomen and an asymmetrical distended chest. 
The diagnosis of CDH can be confirmed by a plain chest radiograph, which demonstrates loops 
of intestine in the chest, angulation of the mediastinum and a shifting of the cardiac silhouette 
into the contralateral thorax.  
Although most of CDH is present in the first 24 hours of life, 10 to 20% of the infants with this 
defect present later. These later infants present with recurrent mild respiratory illnesses, chronic 
pulmonary disease, pneumonia, effusion, empyema, gastric volvulus or incidental (L. Grosfeld 
2006; Chiu 2008). 
  
1.10 PROGNOSTIC FACTORS 
 
Diagnosis of CDH before 25th gestational week (gw) means a large defect and worse prognosis 
related to the presence of stomach and liver above the diaphragm. 
Lung-to-head ratio (LHR) < 1.2 at 28th gw means border line to high-risk group, and  
LHR < 1.4 at 34th gw should be referred for delivery in tertiary centers.  
Lung volumes below 10 ml at 28th gw 25 ml at 34th gw is also a bad prognostic factor, as well 
as right-sided defects, small left ventricle and dextraposition of the heart when the left liver lobe 
is “up”, low birth weight, polyhydramnios and hydrops (Waag 2008).  
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1.11 TREATMENT 

Success in the management of CDH has improved drastically during the past decades, mostly 
since the shift from a surgical emergency to a more challenging physiological emergency that 
requires critical care management and stabilization. 
  
1.11.1  PRENATAL TREATMENT 

Fetal surgery for CDH has seen three phases: open definitive repair (Harrison 1990; Harrison 
1993), tracheal occlusion with open techniques (Hedrick 1994) and tracheal occlusion with 
endoscopic or “fetoscopic” techniques (Skarsgard 1996; VanderWall 1997). The clinical trial of 
fetal diaphragmatic repair was disappointing, with significant problems with patient selection 
and high mortality due umbilical vein obstruction during liver reduction, and postoperative 
maternal management (Harrison 1990; Harrison 1993).  
A direct extension of these attempts at in utero repair was the observation that tracheal ligation 
accelerated fetal lung growth and reversed the alveolar hypoplasia and abnormal pulmonary 
vascular pattern in fetal lamb and rat models of CDH (Kitano 1999; Nardo 2000). While fetal 
tracheal occlusion or ligation (TL) accelerates lung growth in experimental animals, it has failed 
to show a benefit when it has been performed in human fetuses with CDH (Fowler 2002). A 
randomized clinical trial comparing fetal endoscopic tracheal occlusion or PLUG (plug the lung 
until it grows) with current standard postnatal care did not demonstrate any difference in 
outcome (Harrison 2003). Nevertheless, this intervention is still applied in European and 
American centres (Cass 2005; Deprest 2005).  It still has to be determined whether fetal 
intervention has a role in the treatment of CDH, and there is an on-going clinical trial (Deprest 
2008). 
The role of antenatal corticosteroid therapy in CDH patients also remains undetermined (Moya 
2005). 
  
1.11.2  PREOPERATIVE CARE 

All efforts should be made to stabilize the cardiorespiratory system while inducing minimal 
iatrogenic injury from therapeutic interventions. The respiratory distress associated CDH results 
from a combination of two factors previously discussed: uncorrectable pulmonary hypoplasia 
and potentially reversible pulmonary hypertension. Clinically, both are manifested by an 
increase in pulmonary vascular resistance and elevated pulmonary artery pressures, right-to-left 
shunting at the ductal and foramen levels and progressive hypoxemia.  
The period of preoperative stabilization also remains undetermined; it has varied from several 
days to several weeks. The current ventilatory strategy focuses on minimizing barotrauma and 
limiting respiratory pressures with permissive hypercarbia. A broad spectrum of drugs and 
antihypertensive agents has been used in attempts to modify the pulmonary vascular resistance 
in infants with CDH and respiratory failure. NO, a potent mediator of vasodilatation is effective 
in improving oxygen saturation levels in neonates with respiratory failure due to PPHT. But 
there are no data that show that NO administration improves survival (Moya 2005). New 
management strategies for treating persistent pulmonary hypertension undergoing clinical 
evaluation include various calcium channel blockers, prostacyclin derivates, endothelin receptor 
antagonist and phosphodiesterase-5 inhibitors such as sildenafil.  
The surfactant pool in infants with CDH is no different than control patients. A multicenter 
review of surfactant administration in CDH patients showed no overall benefit to its use and 
demonstrated a lower survival rate in preterm infants compared to full-term infants (Moya 
2005; Boucherat 2007; Logan 2007; Logan 2007; Bosenberg 2008; Downard 2008). 
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Extracorporeal membrane oxygenation (ECMO) is widely accepted as a treatment for the 
respiratory failure associated with CDH. Despite the advancements in treatment strategies, 15-
45% of CDH infants require ECMO support as a part of the preoperative stabilization process. 
Clinical criteria for determining ECMO use in infants with CDH have been based on factors 
predictive of at least an 80% mortality rate with standard mechanical ventilation.  
Controversy exists as to whether ECMO support should be offered to all infants with CDH and 
respiratory failure. In infants with reversible pulmonary hypertension the intervention is 
successful, but in those infants with severe pulmonary hypoplasia incompatible with life the 
results are not clear. The impact of ECMO on improving overall survival continues to be 
debated. Some studies have shown improved survival rates in CDH infants with ECMO, but 
other institutions have failed to note any improvements resulting from ECMO or have been able 
to manage their infants without it with equivalent success. However, there are no randomized 
clinical trials addressing this issue. Overall survival rates of infants treated with ECMO vary 
from 34% to 87%, and are dependent on a number of variables, including gestational age and 
birth weight, respiratory function, the degree of pulmonary development and associated 
pulmonary hypertension (Bahrami 2005; Bartlett 2005; Bulas 2005; Dalton 2005; Farrow 2005; 
Hines 2005; Khan 2005; Moya 2005; Rothenbach 2005; Short 2005). 
  
1.11.3 SURGICAL TREATMENT 

Historically, CDH was considered a surgical emergency because of the belief that the reduction 
of abdominal contents from the chest would relieve the compression of the lungs. But after a 
brief postoperative ”honeymoon” period, with adequate gas exchange, progressive deterioration 
in the infant’s respiratory status ensued with elevated pulmonary vascular resistance, right-to-
left shunting, hypoxemia and ultimately death due to respiratory failure. 
A period of medical stabilization and delayed surgical repair was then proposed in an attempt to 
improve the overall condition of the infant with CDH. Several institutional studies have 
reported improved survival rates with delayed surgery, whereas others have found no changes 
in overall outcome. Again, there are no randomized clinical trials addressing this issue. A 
subcostal incision is the most common approach to achieve primary repair or diaphragmatic 
closure with a prosthetic material, although the repair can be done through a thoracotomy 
incision as well. Repair with minimally invasive techniques has also been attempted (Moya 
2005; Harting 2007; Logan 2007; Bosenberg 2008; Downard 2008; Waag 2008; Cho 2009; 
Gomes Ferreira 2009). 
  
All in all, the current management strategies in the treatment of CDH still remain challenging, 
with a lacking in evidence based practice. Operative timing, cardiopulmonary stabilization, 
antihypertensive pharmacology, site of operation, patch type and indication, minimal invasive 
surgery and the use of ECMO are all controversial issues. Both delayed surgery and gentle 
ventilation with permissive hypercapnia are considered a key component of stabilization. 
Prenatal interventional therapies are still largely controversial. 
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1.12 OUTCOME 

Historically, survival rates (discharge to home) for infants born with an isolated CDH have been 
approximately 50% (Muratore 2000). This improved dramatically over the past decade, 
reaching values of 80% to 93% with current treatment modalities in centers with expertise in 
CDH management (West 2005). However, survival for all cases, including those with complex 
CDH, the increasing number of elective terminations, deaths before birth and deaths before 
transfer to a tertiary center, does not exceed 50% on average (Pober 2007). 
With improved overall survival rates, a greater number of physiologically compromised infants 
are surviving beyond the neonatal period, and late death in approximately 10% of initial 
survivors has been reported, mostly due to the consequences of persistent pulmonary 
hypertension or iatrogenic complications (Bagolan 2007, West 2005). 
Earlier reports on long-term survivors treated with conventional mechanical ventilation showed 
healthy infants without clinically evident respiratory disease (Freyschuss 1984; Ehren 1992). As 
interventional therapies have developed, leading to improved survival rates, a new category of 
survivors has emerged with different patterns of long-term morbidities, such as chronic 
pulmonary problems, growth failure, neurodevelopment delay, gastrointestinal problems and 
orthopaedics issues. The probability of respiratory, nutritional and musculoskeletal morbidity is 
higher in CDH infants treated with ECMO (Khan 2005; Rothenbach 2005). Pulmonary issues 
are the most common long-term problems in infants surviving beyond the neonatal period. 
Alveolar multiplication continues for several years after birth, but a normal number is never 
achieved in CDH hypoplastic lungs. Also pulmonary blood flow remains significantly 
decreased compared with the contralateral side, suggesting that vascular growth in severe cases 
does not match alveolar growth. 
Serial pulmonary function testing has demonstrated improved compliance over time associated 
with real lung growth. In long-term studies of survivors, many exhibit normal pulmonary 
function tests even with exercise testing. In 30-50% of survivors there may be either obstructive 
or restrictive ventilatory impairments. Increased bronchial hyperreactivity has also been noted. 
Clinical, chronic lung disease has been reported in CDH survivors, particularly in those 
requiring ECMO (Khan 2005). Whether this finding is related to the pathology of the disease or 
has been induced iatrogenically owing to techniques of ventilation is unclear. Prolonged 
elevation in pulmonary artery pressure impacts long-term survival. Pulmonary artery pressures 
normalize in approximately 50% of all patients by 3 weeks of age but can remain elevated for 
months in as many as one third of surviving infants. This morbidity improves over time, and 
most survivors live unaffected lives. 
Among non-pulmonary morbidities in CDH survivors, neurodevelopmental abnormalities are 
the most common: developmental delay, motor and cognitive skills abnormalities, visual 
disturbances, hearing loss, seizures. Both CDH survivors treated with or without ECMO are at 
risk (Short 2005). 
There is a high incidence of gastroesopageal reflux and foregut dismotility in CDH survivors, 
some requiring feeding regimen manipulations, prokinetic agents, gastrostomy tube placement 
and antireflux procedures. Nutritional and growth related problems have also been found in a 
significant number of these survivors, requiring long-term surveillance and aggressive 
nutritional management. Among skeletal disorders, chest wall defects and scoliosis have been 
reported, especially among ECMO survivors (Rothenbach 2005, Khan 2005; West 2005; 
Bagolan 2007; Chiu 2008; Peetsold 2009). 
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1.13 FUTURE THERAPIES 

Even with the increasing success of current treatment strategies a cohort of infants are still 
refractory to these interventions and are candidates for novel treatment. 
  
1.13.1  FETAL SURGERY 

Fetal endoscopic tracheal occlusion or PLUG (plug the lung until it grows) is being applied in a 
few centres, but it still has to be determined whether fetal intervention has a role in the 
treatment of CDH. Currently there is an on-going clinical trial with promising results (Deprest 
2008). 
 
1.13.2 PARTIAL LIQUID VENTILATION (PLV): PERFLUOROCARBON INDUCED 

LUNG GROWTH (PILG) 

Perfluorocarbon administration in CDH infants while on ECMO increases PaO2 levels and total 
pulmonary compliance and decreases PaCO2, without side effects. It also induces pulmonary 
distension and it has been used as a treatment to induce postnatal lung growth in CDH patients. 
Preliminary studies have shown significant radiographic enlargement of the lung and improved 
gas exchange. Further study of this potential intervention is required (Nobuhara 1998; Fauza 
2001; Hirschl 2003; Walker 2003; Muensterer 2004; Moya 2005; Logan 2007). 
  
1.13.3  LUNG TRANSPLANTATION 

Both unilateral and bilateral transplants have been attempted in the surgical treatment of CDH, 
but not enough experience exists regarding this form of treatment (Van Meurs 1994; Lee 2003). 
  
1.13.4  PHARMACOLOGICAL LUNG AUGMENTATION 

It is known from animal models of CDH that a number of growth factors are crucial to normal 
lung development. Perhaps selected administration of one or several of these as pharmacologic 
agents may be able to reverse the pulmonary hypoplasia of CDH. Continued experimental work 
may uncover new candidates to promote lung growth, either prenatally or after birth.  
  
1.13.5 STEM CELLS 

The idea of lung regeneration by progenitor stem cells seems very promising, although further 
work needs to be done to translate stem cell therapy to the lung (Kannan 2006; Rawlins 2008; 
Warburton 2008; Snyder 2009; Pozzobon 2009). 
 
In summary, CDH is a major life-threatening malformation with a heterogeneous phenotype 
and largely unknown pathogenesis. Despite the advances made in the treatment of infants with 
CDH, it still represents a complex and challenging clinical problem. Even with the increasing 
success of current treatment strategies such as permissive hypercapnia, delayed surgery, 
antihypertensive pharmacology and advanced ventilatory techniques, mortality rates are still 
disappointing, and there is an increasing number of survivals with serious morbidity. In order to 
improve outcomes for patients with CDH, we need a better understanding of the mechanisms 
that regulate lung development, to develop new strategies to treat the associated lung hypoplasia 
and pulmonary hypertension in these infants. The use of animal models allows the study of 
early embryonic development, and combined with human data could perhaps elucidate 
potentially common pathway. 
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2  AIM 

  
Overall 
  
The overall objective of the study is to increase understanding of the mechanisms underlying 
normal lung growth and development, and lung hypoplasia in CDH, in order to develop new 
therapeutic strategies to stimulate lung growth in neonates with CDH, to decrease mortality and 
morbidity rates.  
  
  
Specific 
  
1. To study the histological architecture of fetal rat lungs subjected to prenatal tracheal 
ligation (TL), and after the administration of nitrofen, in order to validate our animal model. 
  
2. To perform global gene expression analysis in hypoplastic lungs after nitrofen 
administration, and in growth stimulated lungs after prenatal TL, in order to increase the 
understanding of the molecular mechanisms underlying the pathogenesis of CDH, and the effect 
on lung growth of prenatal TL. 
  
3. To increase understanding of the role of connective tissue growth factor (CTGF) in 
different stages of lung development, by comparing the expression patterns in the model of 
stimulated lung growth after prenatal TL, in the teratogen model of induced CDH and lung 
hypoplasia after nitrofen, and with the expression pattern in newborn lungs. 
  
 



 35

3 MATERIAL AND METHODS 

3.1 ANIMAL EXPERIMENT 

3.1.1  EXPERIMENTAL CDH 

Time-mated Sprague- Dawley rats (Scanbur B&K, Sweden) were given 100 mg nitrofen 
(Fluka, Germany) dissolved in 1ml olive oil by gavage on gestational day 9.5 (E9.5) (Iritani 
1984; Kluth 1990; Kluth 1993). After intraperitoneal injection of pentobarbital (15mg/kg b.w.) 
on day 21 (E21) (term 22), the fetuses were removed by caesarean section and weighed. The 
sternum was removed under a dissecting microscope and the thoracic cavity was inspected. For 
mRNA and protein studies, the lungs in fetuses with diaphragmatic hernia were excised, 
weighed and then frozen at -70C. For histological and immunohistochemical studies, the fetal 
trachea was cannulated and the lungs were filled with 4% formaldehyde, without additional 
pressure, until excess fluid escaped through the tracheal opening. The fetal lungs were then 
excised, weighed and fixed by immersion in formaldehyde. 
  
3.1.2  PRENATAL TRACHEAL LIGATION 

Time-mated pregnant Sprague-Dawley rats underwent surgery on gestational day 19 (E19) 
(term, day 22) (Kitano 1999). The rats were anaesthetized by intraabdominal pentobarbital. 
Laparotomy was performed under sterile conditions. One fetus in each uterine horn was 
manipulated. Under dissecting microscope the head and neck of the fetus were exteriorized 
through a small hysterotomy. A midline cervical incision was made by bipolar electrocautery. 
The trachea was mobilized by blunt dissection on either side and encircled by a 5/0 silk suture, 
which was eventually tied. The fetal skin was not closed. The fetus was returned to the uterine 
cavity and an 8/0 prolene suture was used to close the uterus. Ritodrine 5 mg/ml was dripped 
over the uterus during the fetal procedure to prevent contractions. The maternal abdomen was 
closed. The rat was again anaesthetized on gestational day 21 with intraabdominal 
pentobarbital. Surviving manipulated fetuses were removed by hysterotomy and weighed, and 
both lungs were harvested as described before.  
  
3.1.3  CONTROLS 

3.1.3.1 Preterm Fetal Lungs (E14, E17) 
Time-mated Sprague- Dawley rats were anesthetized by intraperitoneal injection of 
pentobarbital on gestational days 14 and 17 (E14, E17) (term 22). The fetuses were removed by 
caesarean section and weighed, fixed by immersion in formaldehyde.  
  
3.1.3.2 Term Fetal Lungs (E21) 
Control animals to CDH were given olive oil only, and non-manipulated litter mates were used 
as control foetuses to TL. After intraperitoneal injection of pentobarbital on day 21 (E21) (term 
22), the fetuses were removed by caesarean section and weighed, and lungs harvested as 
described above. 
 
3.1.3.3 Newborn Lungs (P1) 
1 day-old (P1) healthy, non-operated, Sprague-Dawley pups were anesthetized with 
intraperitoneal pentobarbital. The sternum was removed and the trachea was cannulated and 
filled with formaldehyde in the same standardized way as described above, before both lungs 
were removed, weighed and fixed in formaldehyde.  
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3.2 HISTOLOGY STUDIES 

3.2.1  MORPHOMETRIC STUDIES 

The formaldehyde-fixed tissue was dehydrated in alcohol and embedded in paraffin. 4 μm thick 
sections where stained with haematoxylin and eosin, and examined by light microscopy. The 
morphometric evaluation of the fetal lungs was done by a computer-aided image analyser 
(Rigaut 1983; Rigaut 1986; Berggren 1999). The picture was analysed by a specially designed 
interactive program, which allows the examiner to set the grey threshold level in the final, 
binarized image. By discrimination, a suitable grey value was chosen to separate tissue from 
non-tissue or holes, alveoli, conducting airways and vessels. The conducting airways and 
vessels were identified by the examiner, marked and excluded from the alveolar count. In each 
image the volume densities of parenchyma (Vvp) and alveolar air space (Vva) were measured 
using total parenchyma as reference volume. These fields were selected at random by stepwise 
movements of the histological section under the microscope rejecting every field in which 
bronchi, bronchioles, large vessels or obvious artefacts would interfere with the subsequent 
measurements of alveolar spaces. 
 
The radial-alveolar count (RAC) was estimated according to Emery & Mithal (Emery 1960). A 
line was drawn at right angles from a terminal bronchiole to the closest edge of the pleura or an 
interlobular septum and the number of alveolar or saccular wall intercepts was counted. 10 
fields for each section were examined. 
  
3.2.2  IMMUNOHISTOCHEMISTRY 

Following dehydration and paraffin embedding, 4  μm sections were cut and deparaffined in 
xylene, followed by rehydration through ethanol to water. Antigen retrieval was performed by 
microwaving in 10 mM citrate buffer (pH 6.0) for 30 minutes at 200 W. Endogenous 
peroxidase activity was blocked by 1.5% H2O2 in methanol for 20 minutes at room temperature. 
After washing, sections were blocked in 5% serum in PBS with 0.3% Tween (PBS-T) one hour 
at room temperature. The sections were incubated with the primary antibodies anti-rat CTGF 
(Abcam, Cambridge, UK), polyclonal rabbit anti-IGF-I (SC-9013, Santa Cruz Biotechnology 
Inc, Santa Cruz, CA) or poyclonal goat anti-SP-A (14Aax, Santa Cruz Biotechnology) over 
night at 4°C or for 1 hour in room temperature, washed in PBS-T, and incubated with secondary 
antibody for 1 hour at room temperature. After washing in PBS-T, immune complexes were 
detected with Vectastain ABC-kit (Vector Laboratories, Burlingame, CA) and DAB tablets 
(Sigma, St Louis, MO), both used according to instructions from the manufacturer. The sections 
were briefly counter-stained with Mayer’s hematoxylin (Histolab, Stockholm, Sweden) and 
washed in tap water followed by dehydration and mounting. Controls excluding the primary 
antibody were in all cases negative. All immunohistochemistry staining was carried out in 
duplicates. Histological images were compared using the Pages and Preview software (Apple, 
Cupertino, CA).  
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3.3 MICROARRAY EXPERIMENTS 

3.3.1  RNA ISOLATION AND HYBRIDIZATION  

To ensure the reproducibility of the microarray experiments, and to address potential biological 
individual variability, the assays were performed in biological triplicates, using three separate 
mRNA preparations from three hyperplastic lungs after prenatal TL, three mRNA preparations 
from hypoplastic-CDH lungs after nitrofen, and three mRNA preparations from three normal 
non-manipulated fetal lung litter-mates to TL fetuses. Total RNA from lungs was extracted 
using Trizol and further purified. RNA quality was tested using the Agilent 2100 Bioanalyser. If 
high quality was confirmed, double-stranded cDNA was synthesized by reverse transcription of 
purified mRNA using the GeneChip® One-Cycle cDNA Synthesis Kit. The cDNA was used as 
a template for the generation of biotin-labelled in vitro transcribed cRNA, using biotinylated 
UTP and CTP ribonucleotides. The biotin-labelled anti-sense cRNA was then purified. A total 
of 20μg purified cRNA was fragmented and hybridized to the Affymetrix RAE 230 set chip 
arrays according to the protocol recommended by the supplier. The Affymetrix RAE 230 set 
chip arrays contains approximately 28,000 well-substantiated rat genes, 30,200 transcripts and 
variants represented on 31,000 probe sets. The arrays were stained with 
streptavidinphycoerythrin followed by a second staining with biotin-labelled anti-streptavidin 
antibody and a repeated streptavidinphycoerythrin staining to detect bound cRNA.  
Fluorescence intensities were determinate using an Affymetrix scanner. 
  
3.3.2  DATA ANALYSIS 

Scanned output files of Affymetrix microarrays were visually inspected for hybridization 
artefacts and then analyzed using the GeneChip® operating software (GCOS) from Affymetrix. 
Signal intensities were converted to a numerical format and signal values for each probe on the 
array were obtained. Quantified expression values were subjected to summarisation and 
quantile normalisation using the Affymetrix MAS5.0 algorithm. Quality control of microarray 
results was tested with internal Affymetrix controls using the GCOS software and with standard 
R scripts (www.bioconductor.org). By using statistical detection applied by the MAS 5.0 
algorithm, we were able to separate the transcripts of particular probe sets that are reliably 
detected (present call), from the transcripts below the threshold of detection and therefore 
considered as absent. To identify differentially expressed genes between hypoplastic-CDH 
lungs and control fetal lungs, and between hyperplastic lungs after prenatal TL and control fetal 
lungs, two different MAS 5.0 algorithms were used. The change algorithm reported the probe 
sets to be unchanged, increased, decreased or marginal. The signal log ratio algorithm instead 
calculated an estimated log value for each probe set in each sample, to better detect differences 
between groups. This permitted the formation of nine different pairs of comparisons between 
the CDH and control group, and between the TL and the control group. 
  
3.3.3  BIOINFORMATICS AND DATA PROCESSING 

All the information for three different categories in GCOS (Biological Process, Molecular 
Function and Cellular Component) was downloaded as Excel files.  
Web Resources we used in the analysis of our data:  
GenCards www.gencards.org                                                    Pathways www.genmapp.org 
LocusLink www.ncbi.nim.nib.goy/LokusLink                          
ENSEMBL http://ensembl.sanbi.ac.za                                       
Ontologies www.genontology.org 
ONIM http://www.ncbi.nim.nib.goy/entrez/query.fcgi?db=ONIM  
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3.3.4 LIMITATIONS OF MICROARRAY TECHNOLOGY 
 
Microarray experiments allow the study of changes in gene expression in a vast numbers of 
samples in parallel, all on a tiny chip. But microarrays can also give results that vary 
considerably. Large changes in gene expression reported by microarrays should be validated by 
an independent method, and real-time PCR (also known as quantitative or qPCR). The 
advantages of real time RT-PCR are speed, accuracy and low sample requirement. Real time 
RT-PCR is often referred to as the “gold standard” for gene expression measurements, due to its 
detection sensitivity, sequence specificity, large dynamic range, as well as high precision and 
reproducible quantitation. 
Variability in both biological and technical procedures can have a great impact on both 
microarray and qPCR results and, as biological variability cannot be controlled, care must 
therefore be taken in the experimental design to minimize irregularities and ensure adequate 
replication to eliminate “noise” in the experiment. The quality of RNA is essential to accurate 
results, as gene expression can be affected by carry-over of contaminating factors. 
The effects of dye biases and non-specific and/or cross hybridizations of labeled targets to array 
probes are unique to microarray procedures. Likewise, qPCR has its own sources of error 
including amplification biases, the exponential amplification of errors, mispriming or the 
formation of primer dimers, and the changing efficiency of qPCR at later cycles.  
Most sources of error can be controlled through robust experimental designs, good laboratory 
practices, and rigorous normalization of the data. We have tried to minimize the technical and 
biological variability with standardization of the hybridization, washing, staining and scanning 
processes, as well as the use of quality controls during the process.  To address the potential 
biological variability after nitrofen administration, we used new triplicates for the validation of 
our experiment.   
Another potential pitfall of working with whole lung tissue composed by different cell types is 
that a small variation of gene expression in a specific cell type could be difficult to identify due 
to a dilution of its expression level when taken together with the other cell types. 
  
3.4 REAL-TIME PCR 

In order to corroborate the relative changes in gene expression induced by prenatal tracheal 
ligation and nitrofen administration identified by the oligonucleotide microarrays, we used a 
quantitative real-time reverse transcriptase-polymerase chain reaction (RT-qPCR) approach 
following the Power SYBR® Green PCR Master Mix and RT-PCR protocol. Briefly, the 
synthesized cDNA was amplified by using gene-specific primers (listed in each paper). 
GAPDH primers were used as housekeeping gene control. The reactions were carried out in an 
Applied Biosystems 7300 Real-Time PCR System. The specificity of the primers was verified 
by real-time RT-PCR product dissociation curves. Ct values were determined and relative 
mRNA expression levels were calculated using the delta-delta Ct-method with expression levels 
of the respective mRNAs normalized to GAPDH and geometric means calculated.    
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3.5 WESTERN-BLOT ANALYSIS 

Western-Blot method was used for protein preparation, electrophoresis of the samples and 
immunodetection. A membrane fraction of the lung tissue was prepared by differential 
centrifugation. Fetal rat lungs were homogenized in ice-cold homogenization buffer 
supplemented with “Complete” protease inhibitors (Roche, Germany). The homogenized 
samples were spinned down, the supernatant was centrifuged and the pellets resuspended in 
homogenization buffer with protease inhibitors and mixed with Laemmli 4x buffer. The total 
protein concentration in the samples was measured using RC DC protein assay. The samples 
were resolved on polyacrylamide gels using SDS-PAGE. After electrophoresis, the proteins 
were transferred to a PVDF membrane (Amersham Biosciences, UK). For immunodetection, 
the membranes were blocked in 5% non-fat dry milk in PBS-T, followed by incubation with 
primary antibodies. The following rabbit polyclonal antibodies were used: AQP1, AQP4 
(Milipore Corp., Billerica, MA) and Kcnj 8/Kir6.1 (Santa Cruz Biotechnology Inc, Santa Cruz, 
CA). The antibody against AQP1 recognized one strong band at the expected size of about 28 
kDa. The antibody against AQP4 recognized a band at the expected molecular weight of about 
32 kDa. The Kcnj 8/Kir6.1 antibody recognized one strong band at the expected size of about 
52 kDa. After washing, the membranes were incubated with corresponding secondary 
antibodies and washed again. The signal was detected using ECL Plus Western blotting analysis 
system (Amersham Biosciences, UK). After immunodetection, the PVDF membranes were 
stained with amido black. The relative protein expression was calculated by relating the optical 
density of immunosignals on the X-ray films to that of the protein signals on the PVDF 
membranes in order to correct for differences in protein loading. A total of 6 pairs of lungs for 
each condition were examined.  
 
3.6 STATISTICAL ANALYSIS  

The results are expressed as the mean ± SEM or ± SD. The statistical evaluation was performed 
using ANOVA analysis of variance and Fisher’s test. For the microarray experiment the MAS 
5.0 algorithm was applied.  
Relative changes in gene expression are expressed as foldchange or log2 foldchange. The fold 
change is the ratio of the measured value for an experimental sample to the value for the 
control sample. Expression on the log2-scale is less influenced by individual results, and 
provides normalization of up- and down regulations. For example, a 2 foldchange (increase) 
will be log2=1, and a 0.5 foldchange (i.e. decrease) will be log2=-1 (table 4). 
 
foldchange 4 2 1 0.5 0.25 
log2 foldchange 2 1 0 -1 -2 
 Table 4: Correlation between foldchange and log2 foldchange 
 
3.7 ETHICS 

The experiments were approved by the national ethical board for animal experimentation, local 
committee of North Stockholm. 
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4 RESULTS 

4.1 GROSS APPEARANCE 

The TL-lungs were much larger than the control fetal lungs, and met in the midline of the 
thoracic cavity, totally concealing the heart (figure 3). The lungs of fetuses with CDH appeared 
smaller in the dissecting microscope, compared to control fetal lungs and those from normal 
newborn animals, and abdominal organs herniated into the chest. 50% fetuses had left-sided and 
50% right-sided CDH. 
  

   
Figure 3: Animal Experiments: Fetuses at E21, the sternum has been removed. Arrow point out  the 
herniated liver lobe into the left thoracic cavity in the CDH animal, arrowhead point out  the 
hyperplastic lungs in the animal after prenatal tracheal ligation. 
  
4.2 LUNG WEIGHTS 

The lung weight to body weight ratio (Lw/Bw) was significantly higher (p<0.001) in the TL-
lungs (5.0  ± 0.36%) (n=7), compared to control fetal lungs (2.8 ±  0.15%) (n=8), CDH-lungs 
(1.9  ± 0.12%) (n=8), and lungs from normal newborn rats (4.2  ± 0.18%) (n= 6) (figure 4). 
Lw/Bw was significantly decreased (p<0.001) in the CDH group compared to control fetal lung. 
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4.3 HISTOLOGICAL FINDINGS 

The TL lungs were well expanded, with thin septa and seemed to be in the saccular stage of 
lung development. The sacs were mostly lined by flat type I alveolar cells. Their appearance 
was similar to that of normal neonatal lungs, which also had well-expanded, well-developed 
saccules, thin septa and more gas exchange surface than both CDH and control fetal lungs. 
Lungs from control fetuses corresponded structurally to transition from the canalicular to 
saccular stage of lung development. The sacs were moderately expanded and the walls were 
mostly lined by flat type I alveolar cells. 
The CDH-lungs were compact, both on the right and the left side, with poorly developed 
saccules, thick septa, roughly corresponding to the pseudoglandular stage of foetal lung 
development. The air spaces were less expanded than those of control lungs from non-
manipulated fetuses, and were mainly lined by cuboidal epithelium (figure 5). 
  
 

 

 
  
Figure 5: Representative fields of lungs from fetuses E21 undergoing tracheal ligation (TL), normal 
newborn rat (P1), control fetuses E21 and fetuses E21 with congenital diaphragmatic hernia (CDH). 
Hematoxylin and eosin. Scale bar= 0.1 mm 
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The volume density of alveolar air space (Vva) was 52 ± 1.4% in TL-lungs (n=7), 34 ± 3.4% in 
control fetal lungs (n=8), 16 ± 1.7% in CDH lungs (n=8) and 59  ± 1.4% in the normal 1-day 
old animals (n=6). The Vva was significantly higher (p<0.001) in TL-lungs and normal 
neonatal lungs compared to both CDH and control fetal lungs. There was no significant 
difference between the TL and the normal neonatal group. Vva was also significantly higher 
(p<0.001) in the control fetal group than in CDH lungs (figure 6). 

 
Figure 6: Volume density of alveolar air space (Vva) in  fetal lungs at E21 and newborn lungs at P1 
 
The radial alveolar count (RAC) was significantly higher (p<0.001) in TL lungs (3.3 ± 0.25) 
(n=7) and in the normal neonatal lungs (3.6± 0.11) (n=6), compared to both CDH lungs (1.7 ± 
0.07) (n=8) and control fetal lungs (2.2 ± 0.17) (n=8) (figure 7). No significant differences were 
found between the TL and the normal neonatal animals. The RAC was significantly higher 
(p<0.001) in the control fetal group compared with the CDH group. 
  

 
Figure 7: Radial alveolar count (RAC) 
  
To conclude, prenatal TL seems to stimulate lung growth. TL-lungs have an increased surface 
area for air exchange, as observed in the Vva, with an increased number of alveoli and not only 
a distension of the pre-existing ones. 

   ∗ 
                   ∗ 

    

   
∗ ∗

% 

nº
al

ve
ol

i



 43

4.4 MICROARRAY ANALYSIS  

4.4.1  TL-LUNGS 

Fetal rats were subjected to tracheal ligation late in gestation, during the cannalicular phase of 
lung development. Global gene expression levels in lung were analyzed just before birth (at 
embryonic day 21) using microarray methodology. A total of 15,926 transcripts were 
investigated and compared between ligated fetuses and control litter-mates in a total of nine 
pair-wise comparisons. Over 12,500 transcripts were not changed between the two groups. 
Transcripts that were increased or decreased in all 9 of 9 comparisons were chosen for 
verification with real-time RT-PCR (listed in table 5).  
Genes significantly increased in all comparisons were the growth factors connective tissue 
growth factor (Ctgf) and insulin-like growth factor 1 (Igf-1). Genes that were decreased in all 
comparisons were surfactant protein A (Sftpa1), phospholipase AII group 2A (pla2g2a) and 
phospholipase AII group 1B (pla2g1b) and apolipoprotein E (ApoE).  
Transcripts that were increased or decreased in at least 7 out of 9 comparisons are listed in table 
4 and 6. Among those were fibroblast growth factor 18 (FGF-18), which was increased in the 
TL-group, and TGF-β Receptor II, FGF Receptor II, C/EBP alpha and bone morphogenetic 
protein 1, which were all decreased in the TL-group. 
  
 
Probe Set ID Gene Symbol Gene Title 

Growth  Factor Activity 

1367631_at Ctgf connective tissue growth factor 

1370106_at Fgf18 fibroblast growth factor 18 

1370333_a_at Igf1 insulin-like growth factor 1 

Protein Binding   

1367570_at Tagln transgelin 

1370810_at Ccnd2 cyclin D2 

1389972_at Rgc32 Response gene to complement 32 

Ion Channel     

1370481_at Scnn1g sodium channel nonvoltage-gated 1 gamma 

1387125_at S100a9 S100 calcium binding protein A9 (calgranulin B) 

Protease Activity   

1386884_at Prss11 protease serine 11 (Igf binding) 

1386921_at Cpe carboxypeptidase E 

Various     
1367785_at Cnn1 calponin 1 
1370847_at RGD:708584 F-spondin 

1374726_at Fndc1_predicted fibronectin type III domain containing 1 (predicted) 

1388484_at Ube2c_predicted ubiquitin-conjugating enzyme E2C (predicted) 

1389651_at Apln apelin AGTRL1 ligand 

1398350_at Basp1 brain abundant membrane attached signal protein 1 
  
Table 4: Transcripts increased in at least 7 of 9 comparisons in the microarray analysis of TL-lungs 
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TL vs Control Fold Change log 2 Change 

  Average SD Average SD 

Ctgf 2.46 0.32 1.29 0.2 

IGF 1.75 0.13 0.8 0.11 

Pla2g2a 0.21 0.14 -2.5 1 

Pla2g1b 0.36 0.16 -1.63 0.64 

Sfpa1 0.62 0.03 -0.69 0.07 

ApoE 0.45 0.08 -1.16 0.27 

Table 5: mRNA expression levels from the microarray analysis of genes altered in all comparisons in 
tracheal ligated lungs compared to control fetal lungs (E21). 
 
 
Probe Set ID Gene Symbol Gene Title   

Fatty Acid Metabolism and Synthesis 

1367707_at Fasn fatty acid synthase   

1367689_a_at Cd36 cd36 antigen     

1368128_at Pla2g2a phospholipase A2 group IIA  

1370530_a_at Pld1 phospholipase D1     
1370257_at Pla2g1b phospholipase A2 group IB     
1370355_at Scd1 stearoyl-Coenzyme A desaturase 1   
1370862_at Apoe apolipoprotein E     
1387011_at Lcn2 lipocalin 2       
1388426_at Srebf1 sterol regulatory element binding factor 1   
Sugar Binding and Metabolism 

1387378_at Fcnb ficolin B       
1371161_at Ppp1r3b protein phosphatase 1 regulatory (inhibitor) subunit 3B 

Transcription Factors         
1369658_at Cebpa CCAAT/enhancer binding protein (C/EBP) alpha 

Cbp/p300-interacting transactivator with Glu/Asp-rich  
1367601_at Cited2 carboxy-terminal domain 2 

Growth Factors 

1369653_at Tgfbr2 transforming growth factor beta receptor II   
1370630_a_at Fgfr2 fibroblast growth factor receptor 2   
Various           
1398318_at Muc1 mucin 1 transmembrane     
1387460_at Sftpa1 surfactant pulmonary-associated protein A1   
1369322_at Kcne2 potassium voltage-gated channel-related family member 2 

1369151_at Dlk1 delta-like 1 homolog (Drosophila)   
1368339_at Calb3 calbindin 3 (vitamin D-dependent calcium binding protein) 

1367774_at Gsta5 glutathione S-transferase A5     
1368000_at C3 complement component 3     
 Table 6: Transcripts decreased in at least 7 of 9 comparisons in the microarray analysis of tracheal 
ligated lungs (E21). 
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4.4.2  CDH-LUNGS 

Global gene expression levels in lung were analyzed just before birth (at embryonic day 21) 
using microarray methodology. A total of 15,926 transcripts were investigated and compared 
between fetuses with hypoplastic lungs and congenital diaphragmatic hernia after nitrofen 
administration, and control fetal lungs in a total of nine pair-wise comparisons. Over 10,500 
transcripts were not changed between the two groups. Genes that were increased in all 
comparisons were mostly ribosomal proteins, these were excluded for further analysis.  
24 transcripts exhibited decreased expression levels in all 9 comparisons and 38 genes were 
significantly decreased in 8 or 9 of all comparisons (see tables 7-8). Genes that showed 
decreased expression included several growth factors and growth factor receptors, transcription 
factors, water transport and ion transport channels, among others (see table 8). 
 
Fibroblast growth factor (FGF) receptor, 
(FGFR) 1, 2 and 3 were all decreased (-1, 2 
3), as well as members of the transforming 
growth factor beta (TGF-β) superfamily: 
TGF-β 1 and 3 the TGF-β receptors II and 
III, and vascular endothelial growth factor 
(VEGF). Transcription factors exhibiting 
decreased expression included HNF-
3/Forkhead homolog Q1 (Foxq1), retinoic 
acid receptor alpha (Rara) and Early growth 
response 1 (Egr1). The water transport 
channels aquaporin 1 and 4 (AQP1 and 4) 
were also decreased. Among ion channels 
that were decreased we found chloride 
intracellular channel 4 (Clic4) and chloride 
channel 7, sodium channel nonvoltage-
gated I alpha and gamma (Scnn1a/ENaC 
alpha and Scnn1g/ENaC gamma), sodium 
channel voltage-gated III beta (Scn3b), 
potassium voltage gated channel (Kcnc3) 
and potassium inwardly rectifying channel 
subfamily J members 8 and 15 (Kcnj 
8/Kir6.1 and Kcnj 15). Other genes with 
decreased expression were genes known to 
be involved in angiogenesis, like 
endothelial PAS domain protein1 (Epas1), 
reticulon 4 (Rtn4) and endothelial 
differentiation sphingolipid g-protein-
coupled receptor 5 (Edg5). Also two tissue 
inhibitors of metalloproteinase (TIMP 2 and 
3) had exhibited a decreased expression. 
 
 
 
 
 

 
 
CDH vs Control          Log2 Change 
  Average SD 
Tgfbr2 -4.02 0.98 
Scnn1a -3.30 0.68 
Epas1 -2.36 0.55 
Hyou1 -2.28 0.35 
Clic4 -2.08 0.64 
Tgfbr3 -2.07 0.71 
Kcnj15 -2.07 0.8 
Edg5 -1.96 0.42 
Kcnc3 -1.94 0.42 
Clcn7 -1.82 0.45 
Aqp1 -1.44 0.33 
Scnn1g -1.44 0.27 
Fgfr1 -1.42 0.51 
Tgfb1i1 -1.36 0.21 
Fgfr3 -1.30 0.3 
Vegfa -1.28 0.55 
Agtrap -1.10 0.3 
Tgfb3 -1.00 0.18 
Foxq1 -0.92 0.19 
Cacna1d -0.88 0.08 
Rara -0.79 0.16 
Nos3 -0.78 0.38 
Agtr1a -0.74 0.16 
Scn3b -0.71 0.07 
Table 7: Expression levels of transcripts 
decreased in all comparisons in CDH-lungs 
(full names are listed in table 7). 
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Probe Set ID Gene Symbol Gene Title       
Growth Factors and Receptors1           
FGF Family           
1387498_a_at Fgfr12 Fibroblast growth factor receptor 1     
1370630_a_at Fgfr2 fibroblast growth factor receptor 2     
1369373_at Fgfr3 fibroblast growth factor receptor 3     
TGF Superfamily         
1370887_at Tgfb1i1 transforming growth factor beta 1 induced transcript 1 
1367859_at Tgfb3 transforming growth factor beta 3     
1369653_at Tgfbr2 transforming growth factor beta receptor II   
1369219_at Tgfbr3 transforming growth factor beta receptor III   
1370081_a_at Vegfa vascular endothelial growth factor A   
Transcription Factors         
1368550_at Foxq1 HNF-3/forkhead homolog-Q1     
1368176_at Rara retinoic acid receptor alpha     
1368321_at Egr1 early growth response 1     
Water transport           
1387651_at Aqp1 aquaporin 1       
1368981_at Aqp4 aquaporin 4       
Ion Transport           
1387420_at Clic4 chloride intracellular channel 4     
1369700_at Clcn7 chloride channel 7     
1387104_at Scnn1a sodium channel nonvoltage-gated type I alpha polypeptide 
1387986_at Scnn1g sodium channel nonvoltage-gated 1 gamma   
1370850_at Scn3b sodium channel voltage-gated type III beta   
1369133_a_at Kcnc3 potassium voltage gated channel Shaw-related subfamily member 3 
1368911_at Kcnj8 potassium inwardly-rectifying channel subfamily J member 8 
1369508_at Kcnj15 potassium inwardly-rectifying channel subfamily J member 15 
1369086_a_at Cacna1d calcium channel voltage-dependent L type alpha 1D subunit 
Angiogenesis           
1369703_at Epas1 endothelial PAS domain protein 1     
1388027_a_at Rtn4 reticulon 4       
1370665_at Hyou1 hypoxia up-regulated 1     
1370081_a_at Vegfa vascular endothelial growth factor A   
1367920_at Edg5 endothelial differentiation sphingolipid G-protein-coupled receptor 5 
Regulation vascular tone         
1371166_at Nos3 nitric oxide synthase 3 endothelial  cell     
1369301_at Agtrl1 angiotensin receptor-like 1     
1375566_at Agtrap angiotensin II receptor-associated protein     
Glycolisis           
1367575_at Eno1 enolase 1 alpha       
AFFX_Rat_Hexokinase_M_at Hk1 hexokinase 1       
1386944_a_at G6pc glucose-6-phosphatasecatalytic     
Various           
1367823_at Timp2 tissue inhibitor of metalloproteinase 2   
1368989_at Timp3 tissue inhibitor of metalloproteinase 3   
1371186_at Itga6 integrin alpha 6       
1371961_at Pld3 phospholipase D3     

Table 8: Transcripts decreased in at least 8 of 9 comparisons 
1Transcripts are grouped according to biological function. 
2Bold gene symbol denotes transcripts that were decreased in all nine comparisons (the magnitudes of change for 
these transcripts are given in table 6)  
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4.5 REAL-TIME PCR 

4.5.1  TL-LUNGS 

Transcripts that were increased or decreased in all 9 of 9 comparisons were chosen for 
verification with real-time RT-PCR, using the remaining mRNA from the microarray 
experiment. Genes significantly increased in all comparisons included the growth factors 
connective tissue growth factor (Ctgf) and insulin-like growth factor 1 (Igf-1). Genes that were 
decreased in all comparisons were surfactant protein A (Sftpa1), phospholipase AII group 2A 
(pla2g2a) and phospholipase AII group 1B (pla2g1b) and apolipoprotein E (ApoE). Thus, 
analysis of mRNA expression levels with real-time RT-PCR robustly confirmed microarray 
results (figure 11).  
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Figure 11: Real-Time PCR of selected genes (Results are expressed as fold change  
(tracheal ligated/control; mean +/- SD). 
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4.5.2 CDH-LUNGS 

For validation with real time PCR, we focused on the biological function groups in which 
altered gene expression had been identified, as well as on genes that had not been described 
previously to be affected in this model. One gene from each biological function group was 
chosen for validation in order to limit the real time PCR experiment. Transcripts that were 
chosen from the biological function-groups were all genes that were decreased in 8 or 9 of 9 
comparisons. For validation of the microarray method itself, we used the remaining RNA from 
the microarray experiment, and for biological validation, we used RNA from three new lungs 
after prenatal nitrofen administration.  
Analysis of mRNA expression levels with real-time RT-PCR robustly confirmed these results, 
both in the group of CDH lungs used for microarray analysis (CDH1) and in the group of CDH 
lungs used for biological validation (CDH2) (see figure 12). In both groups, CDH1 and CDH2, 
the expression levels of each transcript was decreased compared to controls, even though the 
difference was not statistically significant in all cases probably due to the relatively limited 
number of lungs in each group (three CDH1, three CDH2, and three controls). However, the 
results from CDH1 and CDH2 differed some, that could be explained due to the biological 
variation after nitrofen administration. Thus, the real-time PCR analyses provided both a 
positive methodological and biological validation of the global gene expression analysis (figure 
12). 
 
 

 
 
 
Figure 12: Real-time PCR of selected genes. Results are expressed as fold change 
(CDH1/CDH2/control; mean +/- SD). * - significant difference compared to control. P < 0.05 
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4.6 IMMUNOHISTOCHEMISTRY 

Immunohistochemical staining for CTGF at embryonic day 21 showed that it was more 
abundant in the TL-group compared to the control group (compare figures 13A and B). In TL-
lungs, pronounced expression of CTGF protein was observed in the epithelium of the terminal 
bronchioles. Along the distal conducting airways, alveolar ducts and the alveolar sacs, the 
expression was decreased but it was still evident in cells in the alveolar epithelium. CTGF 
protein was also observed in the smooth muscle and elastic connective tissue that lie beneath the 
epithelium of distal conducting airways, as well as in the surrounding lung mesenchyme, 
probably in fibroblasts.  
In the control group, the expression of CTGF in the distal conducting airways, alveolar ducts 
and alveoli was generally lower than in the TL group, but along the epithelium of the terminal 
bronchioles, expression was observed at similar levels in TL and in control. Also, in the 
surrounding lung mesenchyme the expression of CTGF was higher in TL than what was 
observed in the control littermates (figures 13A and B).  
Immunoassay for IGF-1 showed no apparent difference between the groups (data not shown). 
Expression of Surfactant protein A was readily observed in type-II pneumocytes in both control 
and TL-lungs. Here, expression was decreased in TL lungs compared to controls, but it was 
conserved in Clara cells of the airway epithelium, (figures 13C and D). Thus, the 
immunohistochemical investigations corroborate, on the level of protein-expression, the 
increase in Ctgf and decrease in Sftpa mRNA-levels that were observed in the microarray and 
real-time PCR analyses of the TL-lungs. 
 

 

         
Figure 13: Immunohistochemistry for Ctgf (←) and SP-A (◄) in tracheal ligated vs control lungs E21 
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4.7    WESTERN-BLOT 
 
To investigate whether the decreased 
transcript-levels correlated to decreased 
levels of the corresponding protein in the 
CDH-lungs, AQP1, AQP4 and 
Kcnj8/Kir6.1 were chosen for protein level 
analysis with Western blot. We chose 
specifically those three proteins because 
they are abundant proteins and thereby easy 
to verify with Western-Blot.  
Kcnj8/Kir6.1 protein expression was 
significantly decreased in nitrofen-CDH 
lungs compared to controls (figure 14A), as 
well as AQP1 (figure 14C), whereas the 
expression of AQP4 was similar in both 
groups (figure 14B). Thus, analysis of 
protein levels confirmed the some of the 
changes observed in the microarray and 
real-time PCR analysis.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: Western-Blot analysis of 
Kcnj8/Kir6.1 (A), AQP4 (B) and AQP1 (C). 
Values are shown as mean ± SEM. * - 
significant difference compared to control. P < 
0.05 
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4.8   CONNECTIVE TISSUE GROWTH FACTOR (CTGF) 

We found an increased expression of CTGF after TL, and since CTGF seems to be associated 
with promoting alveolization and microvascular development in late stages of lung 
development, we wanted to further understand the role of CTGF in lung development, and in 
the pathogenesis of CDH.  
Immunohistochemical staining for CTGF at E14 showed that at this pseudoglandular stage of 
lung development CTGF was detected in the epithelium surrounding the peripheral airways 
(figures 15A-B), and in fewer expressing cells around larger proximal airways (figures 15C-D). 
The expression of CTGF increased during gestation, being more abundant in lungs at the 
canalicular stage of lung development at E17 (figures 15E-F). At this stage, despite the 
expression of CTGF in the distal conducting airway epithelium, some expression was also 
found in the surrounding lung mesenchyme. 
At E21, in the saccular stage of lung development, CTGF expression was more abundant in the 
epithelium of the distal conducting airways, decreasing distally along the alveolar ducts and 
alveoli. Some expression was also detected in the surrounding lung mesenchyme (figure 15G).   
The CDH group had a more compact appearance with less alveoli. CTGF protein expression in 
these lungs seemed to be located mostly to the lung mesenchyme, probably in fibroblasts, and 
in the epithelium of conducting airways (figure 15H).  
The expression of CTGF was more abundant in TL lungs than what was observed in the 
controls at E21 (compare figures 15I and 15G). In TL-lungs, pronounced expression of CTGF 
protein was observed in the epithelium of the terminal bronchioles. Along the distal conducting 
airways, alveolar ducts and the alveolar sacs expression decreased but it was still evident in 
cells in the alveolar epithelium. CTGF protein was also observed in the smooth muscle and 
elastic connective tissue that lie beneath the epithelium of distal conducting airways, as well as 
in the surrounding lung mesenchyme, probably in fibroblasts. In the TL-lung group, the 
expression of CTGF in the distal conducting airways, alveolar ducts and alveoli was generally 
more abundant than in the control group, but along the epithelium of the terminal bronchioles, 
expression was observed at similar levels in TL and in controls. Also, in the surrounding lung 
mesenchyme the expression of CTGF was more abundant in TL than what was observed in the 
control animals (figures 15I and 15G). 
In the newborn control lungs, CTGF had a pattern of expression similar to TL lungs, localized 
mainly to the epithelium of the terminal bronchioles, and decreasing distally along the 
conducting airways, alveolar ducts and alveoli (figure 15J). 
 
At a mRNA level, there was an increased expression of CTGF in the TL-lung group, and 
decreased in the CDH model. In the microarray experiment, CTGF was increased in the TL 
group in all 9 of 9 comparisons between TL lungs and controls, and between the TL group and 
Nitrofen-CDH. In the Nitrofen-CDH group CTGF mRNA-levels were decreased in 5 of 9 
comparisons between CDH and controls, and in 9 of 9 comparisons between CDH group and 
TL lungs. The log2fold change values for each comparison are shown in figure 16. Real-time 
PCR confirmed these results (figure 17).  
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Figure 15: CTGF expression pattern in the different stages of lung development. Antibody antigen 
complexes were visualized with DAB (brown color), all slides slightly counterstained with H&E. Arrows 
point out positive cells in the peripheral airways, arrowheads point out positive cells in the distal 
conducting airway epithelium and double arrows point out positive cells in the lung mesenchyme. 
Magnification 20X or 40X. Scale bars: 200μm. 
A-D. CTGF expression at E14: Pseudoglandular stage of lung development. CTGF expression detected 
in the epithelium surrounding the peripheral airways (fig A and B) and in fewer expressing cells around 
larger proximal airways (fig C and D). 
E-F. CTGF expression at E17: Cannalicular stage of lung development. CTGF expression is mostly 
located in the epithelium of terminal bronchiole, but also surrounding proximal airways. In addition, 
some expression was detected in the lung mesenchyme at this stage. 
G. CTGF expression at E21: Saccular stage of lung development. Expression of CTGF was detected in 
the distal conducting airways, terminal bronchioles, alveolar ducts and alveoli, but also in the 
surrounding lung mesenchyme 
H. CTGF expression in CDH lungs after nitrofen (E21): CTGF protein expression mostly located in 
the lung mesenchyme, and fewer in the epithelium of conducting airway. 
I. CTGF expression in lungs after prenatal TL (E21): Pronounced expression of CTGF in the 
epithelium of the terminal bronchioles, decreasing along the distal conducting airways, alveolar ducts 
and the alveolar sacs. CTGF was also observed in the smooth muscle and elastic connective tissue that 
lie beneath the epithelium of distal conducting airways, as well as in the surrounding lung mesenchyme, 
J. CTGF expression in newborn lungs (P1): CTGF pattern of expression similar to TL lungs, mainly 
localized to the epithelium of the terminal bronchioles, and decreasing distally along the conducting 
airways, alveolar ducts and alveoli. 
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 Figure 16: Microarray results for CTGF. Results are expressed as 
 log2 foldchange ±SD 
 

  
 
Figure 17: Real-Time PCR results for CTGF: Results are expressed as fold change  
(TL/control/CDH; mean +/- SD). * - significant difference compared  P < 0.05 
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5   DISCUSSION 
 

CDH:  a complex malformation 
  
Advances in neonatal intensive care have led to an increased survival rate for infants with 
congenital diaphragmatic hernia (CDH) in the last decades. These new therapeutic strategies, 
including decreased ventilatory pressures, permissive hypercarbia, use of extracorporeal 
membrane oxygenation and delayed surgery, are focused on minimizing damage to the lung 
parenchyma, but not on solving one central problem, namely the pulmonary hypoplasia. Despite 
this, mortality and morbidity rates are still high, due to the associated lung hypoplasia and 
persistent pulmonary hypertension. In order to further decrease mortality and morbidity, new 
therapies stimulating pre and/ or postnatal lung growth have to be developed. 
The complexity of the disease, involving a diaphragm defect, impaired lung growth and 
development, together with an underdeveloped and hyperreactive pulmonary vascular tree, 
probably involves several pathogenetical pathways that have not yet been elucidated (Moya 
2005; Rottier 2005). 
  
Normal lung growth depends on a number of inter-related factors, including genetic, molecular, 
environmental and mechanical. Close coordination of growth between airways and vessels is 
essential for normal lung development. Lung organogenesis at the earliest stages is controlled 
by several transcription factors, a group of nuclear proteins that influence transcription of target 
genes regulating cell proliferation and differentiation (Mendelson 2000; Warburton 2000; 
Copland 2004; Kumar 2005). Well-coordinated epithelial-mesenchymal interactions regulate 
lung branching morphogenesis and the development of proximal and distal airways. Epithelial-
endothelial interactions then establish a working blood-gas interface. Lung branching 
morphogenesis and alveolization is regulated by transcription factors (central transcription 
factors include Nkx2.1/TTF-1 and members of the GATA-family), growth factor signaling 
molecules (with FGF10, BMP4, TGF-β1 being central growth factors) and extracellular matrix 
proteins (such as collagens, elastin and integrins). These molecules function in the context of 
epithelial-mesenchymal interactions regulated by paracrine, autocrine and endocrine 
mechanisms (Harding 1996; Kotecha 2000; Mendelson 2000; Warburton 2000; Chinoy 2003; 
Warburton 2003; Copland 2004; Kumar 2005; Warburton 2005; Cardoso 2006).  
  
 Nitrofen and CDH: An alteration of several pathways that control lung growth 
and development 
  

a) Molecular and genetic factors 
The Nitrofen model of CDH resembles human CDH, with abnormalities including diaphragm 
defect, pulmonary hypoplasia and immaturity and pulmonary vascular anomalies. In this model, 
we found that normal lung growth is affected at several levels. One of the transcription factors 
that exhibited a decreased expression in the hypoplastic lungs after nitrofen was the HNF-
3/Forkhead-family member Foxq1. Members of the HNF-3/Forkhead-transcription factor 
family, most notably HNF-3β, play a critical role in the formation of the foregut endoderm and 
hence in primitive lung budding (Metzger 1999; Warburton 2003; Warburton 2005; 
Cardoso2006). HNF-3β regulates promoter expression of TTF-1 (Nkx2.1) that regulates 
transcription of the surfactant protein genes, both previously described to be decreased after 
nitrofen (Mysore 1998; Losada 1999; Losada 2000; Teramoto 2001; Utsuki 2001; Van Tuyl 
2003; Chapin 2005). We also found a decrease in Egr-1 expression. Egr-1 is a sequence-
specific transcription factor that plays a regulatory role in controlling the expression of several 
genes involved in the regulation of airway inflammation, smooth muscle growth and airway 
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tone. Among vascular cell types, Egr-1 expression has been demonstrated in endothelial cells, 
smooth muscle cells, fibroblasts and macrophages. Egr-1 plays a critical role for the 
maladaptative pulmonary vascular response to ischemia (Hjoberg 2004; Banks 2005; Copland 
2007). A decreased Egr-1 expression in early stages of lung development could lead to an 
impaired expression of genes that control smooth muscle growth and airway tone, resulting in 
the pulmonary hypoplasia and vascular hyperactivity observed in CDH. 
 
Some of the growth factors with a decreased expression in hypoplastic lungs after nitrofen in 
our study are members of the TGF-β superfamily: TGF-β1 and 3, and TGF-βR II and III. 
TGFβ- is a member of a large superfamily of signalling molecules that plays an essential role in 
the regulation of normal physiologic processes such as embryogenesis, cell proliferation, 
apoptosis and ECM production. TGFβ type I and II receptors and TGFβ 1, 2, 3 peptides are 
expressed and differentially distributed in the embryonic and foetal lung. TGFβ 1 and 2 inhibit 
pulmonary branching morphogenesis in culture, although 2 is more potent. TGFβ signalling 
through the TGFβ type II receptors appears to negatively regulate lung organogenesis, whereas 
TGFβ signalling through the TGFβ type I receptor specifically instructs the formation of branch 
points (Warburton 2003; Copland 2004; Kumar 2005; Cardoso 2006). The regulation of 
fibronectin gene expression by the TGFβ type I receptor apparently plays a key role in the 
molecular basis of lung morphogenesis by instructing the formation of new airway branching 
points and the localized deposition of ECM components (Warburton 2005). TGF-β3 gene 
expression is strongly induced in response to corticosteroid treatment of fetal lung fibroblasts, 
suggesting that the maturational effects of glucocorticoid on late fetal lung may be partially 
mediated by stimulation of TGF-β3 gene expression. TGF-β protein are found in bronchial 
epithelial cells, in alveolar macrophages, mesenchymal cells and vascular and airway smooth 
muscle cells. TGF-β signaling at a local level may influence cell differentiation, vascular and 
ECM remodeling, and tissue repair (Kotecha 2000; Kumar 2005). An alteration in the TGFβ 
pathway leads to abnormal branching and morphogenesis, and could contribute to the impaired 
lung development present in CDH. 
  
FGF signaling regulates complex epithelial-mesenchymal interactions and is essential in 
proliferation, differentiation, branching and pattern formation during embryonic lung 
development (Kotecha 2000; Chinoy 2003; Kumar 2005; Cardoso 2006). We found a decreased 
expression of its receptors, FGFR I, II and III. FGFRII is a membrane-spanning tyrosine 
kinase, with high affinity for several members of the FGF family. FGFRIIb is found mainly in 
the epithelium and binds to FGF ligands that are primarily expressed in the mesenchyme, and is 
critical for mesenchymal-epithelial interaction during early lung branching morphogenesis, 
regulating distal pulmonary epithelial branching morphogenesis and differentiation as well as 
embryonic pulmonary angiogenesis. This receptor is especially important in lung 
morphogenesis: in the absence of FGFRIIb there is no branching morphogenesis (as well as in 
the absence of FGF-10) (Kumar 2005; Warburton 2005). FGF-10 is the predominant ligand of 
FGFRIIb, and has also been shown to be decreased after nitrofen (Acosta 2001; Teramoto 
2003). Another growth factor we found to be decreased was VEGF, an important pro-
angiogenic factor that plays a very important role in pulmonary vascular development (Chinoy 
2002; Kumar 2005; Rajatapiti 2008). An alteration in the FGF-signaling pathway could also 
contribute to the altered pulmonary morphogenesis and angiogenesis, the later also enhanced by 
the decreased expression of VEGF. 
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Epithelial-endothelial interactions during lung development are essential in the establishment 
of a functional blood-gas interface (Kotecha 2000; Copland 2004; Kumar 2005; Warburton 
2005; Cardoso 2006). A balance between production and degradation of the ECM is necessary 
for lung branching morphogenesis. An alteration of the matrix metalloproteinases 
(MMPs)/TIMP ratio can lead to ECM disruption and abnormal airway morphogenesis and 
alveologenesis. In fibrosis, although cell growth occurs, the increase in MMP-9/TIMP ratio, 
causes disruption of ECM synthesis favouring tissue repair that is the primary pathogenic 
process (Chinoy 2003; Groenman 2005). TIMP is produced by fibroblasts and macrophages, 
and its production is mediated by TGF-β and IL-6. MMP-9 and TIMP are secreted together by 
bronchial epithelial cells. In the nitrofen-CDH model, an excess of MMP-9 activity in bronchial 
epithelial cells has been described (Tatekawa 2003). We now show decreased expression levels 
of TIMP 2 and 3, leading to an increased MMP-9/TIMP ratio, pointing to a possible 
dysregulation of the ECM in CDH, where the lungs appears more compact with thicker 
interalveolar septa, that could difficult gas exchange. 
  
Maternal and fetal nutrition also play an important role in lung morphogenesis. One example is 
the clinical evidence suggesting decreased markers of vitamin A status in CDH patients: Retinol 
and Retinol-binding-protein plasma levels were found to be decreased by 50% in a small 
number of newborns with CDH compared with healthy newborns (Major 1998). Retinoic acid 
(RA) signaling and retinoic acid receptors (RAR) are important for many aspects of embryonic 
development and play a critical role in septal development and secondary crest formation, 
processes crucial for lung alveolization (Kotecha 2000; Copland 2004). Evidence suggesting 
that abnormalities linked to the retinoid signaling pathway in early gestation may contribute to 
the etiology of CDH has lead to the development of the Retinoid Hypothesis (Greer 2003; 
Montedonico 2008), as previously discussed. In the current study, we have found a decrease of 
RAR alpha (RARα) after nitrofen. Although in lungs of CDH patients, no alteration of RAR 
has been found (Rajatapiti 2008), there is growing evidence that alteration of the retinoid 
signaling pathway could be linked to the pathogenesis of CDH, both in humans and in the 
nitrofen model of CDH. 
  

b) Mechanical factors 
Mechanical factors also play an important role in normal lung development, including fetal 
breathing movements (FBM), adequate intra and extra-thoracic space, peristaltic airway 
contraction and lung fluid (Harding 1996). Herniated abdominal organs will interfere with 
FBM, leading to a secondary impairment in lung development and the pulmonary hypoplasia 
observed both in the nitrofen model (Kluth 1990; Kluth 1993; Brandsma 1994) and in human 
CDH (Kitagawa 1971; Sabharwal 2000; van Dooren 2004). This findings support the Dual-Hit 
Hypothesis (Keijzer 2000) that explains the pathogenesis of pulmonary hypoplasia in CDH by 
two developmental insults, and the greater impairment of the development of the ipsilateral lung 
than that of the contralateral lung. This hypothesis is also supported by the postmortem findings 
of fetuses with CDH aged from 22 to 40 weeks of gestation, where anatomical and histological 
analysis show that the pulmonary lesions worsen as the pregnancy continues, particularly 
beyond 30 weeks of gestation (Bargy 2006).  
Peristaltic airway contraction is also coupled to lung growth, and it has also been reported to 
be altered in CDH (Jesudason 2006). The Smooth Muscle Theory (Jesudason 2006) proposes 
that an early mesenchymal hit could explain embryonic lung malformations, failure of fetal lung 
growth and postnatal susceptibility to barotrauma, airway hyperreactivity and pulmonary 
hypertension in CDH.  
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Fluid secretion during gestation is necessary for normal lung development and growth 
(Adamson 1969; Harding 1996; Verkman 2000). During the fetal period, the lungs are actively 
secreting lung fluid. The transport of chloride ions is the main driving force for fluid secretion 
during this phase (Olver 1974). The Na+–K+–2Cl- co-transporter (NKCC-1) is the primary 
basolateral chloride entry pathway in airway epithelia (Haas 1993; Gillie 2001). Just before, and 
directly after, birth, the lungs change to an absorbing phase to eliminate the lung fluid, making 
way for an effective gas exchange. During this phase, sodium transport is the main driving force 
for fluid absorption and it is established that the epithelial sodium channel (ENaC), but also 
chloride transport via NKCC-1, plays a role in the transepithelial fluid absorption (Haas 1993). 
Both NKCC-1 and ENaC have previously been reported to be decreased in hypoplastic lungs 
after nitrofen (Ringman 2008). Our results are consistent with these earlier findings with a 
decreased expression of Scnn1a/ENaC alpha and Scnn1g/ENaC gamma after nitrofen.  
The Kir-channels are important for lung fluid absorption and transepithelial potassium 
transport. They are also involved in shear-stress and proliferation of endothelial cells (Leroy 
2004; Chatterjee 2006; Leroy 2006; Moudgil 2006). We found a decreased expression of 
several K+- channels (Kcnc3, Kcnj8/Kir6.1, Kcnj15) in the nitrofen model of CDH. This could 
contribute to the impaired lung liquid absorption in CDH-lungs after birth, as well as to the 
impaired pulmonary vascular development observed in CDH (Tenbrinck 1992; Folkesson 
2006).  
The aquaporin family of water channels facilitates membrane water permeability in the 
developing lung (Verkman 2000). One of these channels, AQP5, has recently been described to 
be decreased in the nitrofen-CDH model in late gestation (Takayasu 2007). We have now 
shown a decreased expression of AQP1 both at a transcript and protein level, and AQP4 at a 
transcript level. AQP4 is expressed at the basolateral membrane surface in epithelial cells 
throughout the trachea and the small and large airways, whereas AQP1 has been 
immunolocalized to the plasma membrane of microvascular endothelial cells (Verkman 2000). 
The alteration of several channels involved in lung fluid rearsorption could affect lung fluid 
homostasis in late stages of development leading to a maladaptation of the lung to the 
extrauterine life directly after birth. 
 

c) Pulmonary vasculogenesis 
Close coordination of growth between airways and vessels is essential for normal lung 
development (Kotecha 2000; Kumar 2005; Stenmark 2005). The angiogenesis process is mainly 
driven by hypoxia, which serves as a stimulus for the induction of transcription factors such as 
the hypoxia-inducible transcription factor-2 (HIF-2). The main target of HIF-2 is VEGF, the 
most potent angiogenic factor that activates nitric oxide synthases, like eNOS, in the vessel 
wall, which in turn produces NO (Hislop 2005; Kumar 2005; Parera 2005). Failure of vascular 
growth during the critical period of lung growth (saccular or alveolar stages of lung 
development) could decrease septation and ultimately contribute to the lung hypoplasia that 
characterizes CDH and vice versa (Stenmark 2005).  
In CDH patients, an abnormal pattern of lung vasculature has been documented (van Dooren 
2004). In affected lungs, the total size of the pulmonary vascular bed is reduced but the 
adventitia and media of the pulmonary arteries are increased. Also, in the nitrofen model of 
CDH similar abnormalities in the pulmonary vessels as in infants with CDH have been 
observed, namely a thickening of the muscular layer of the large vessels but also of the smaller 
arteries (Tenbrinck 1992). Besides the structural anomalies of pulmonary vascular development 
in nitrofen induced CDH, pulmonary vascular hyperreactivity has been described.  
Endotelin-1 and endothelin A receptors are up regulated in lungs of human infants as well as rat 
fetuses with CDH (Coppola 1998; Okazaki 1998). In rat lungs with CDH a decreased 
expression of NOS and NOS activity can also be found (North 1995; Karamanoukian 1996). 
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This combination of a decreased number of vascular branches, increased adventitia and medial 
thickness of the pulmonary arterial walls and pulmonary vascular hyperreactivity might result in 
persistent pulmonary hypertension in CDH patients (de Rooij 2004; van Dooren 2004; Miniati 
2007; Mohseni-Bod 2007; Hartnett 2008).  
We found a decreased expression of several genes involved in angiogenesis and vascular tone 
regulation. The most important angiogenic factor VEGF, previously discussed, was decreased 
in our study, as well as Edg5, the endothelial differentiation sphingolipid 1-phospholipase (S1P) 
G-protein-coupled receptor 5. S1P stimulates Egr-1 and phospholipase C and D through Edg1 
and 5. Receptor binding of S1P plays a key role in angiogenesis by enhancing endothelial and 
vascular smooth muscle cell proliferation and migration (Hla 2000; Spiegel 2000; Spiegel 2000; 
Spiegel 2000; Waeber 2004). eNOS was also decreased, consistent with previous results (North 
1995; Karamanoukian 1996), as well as angiotensin receptor 1 and angiotensin II receptor 
associated protein (Agtr-1 and Agtrap). These decreased expression of angiogenic factors and 
genes that are involved in regulating pulmonary vascular tone, support the clinical observations 
of decreased number of pulmonary vessels and hyperreactivity observed in newborns with CDH 
and PPHN. 
  
Concluding, the pathogenesis of lung hypoplasia and CDH in the nitrofen rodent model is 
complex, including alteration of several pathways involved in lung development. Nitrofen 
seems to affect early during development several genes that are crucial in the early regulation of 
lung development, and their alteration settles down the basis for abnormal lung development. 
The abnormal alveologenesis, together with the alteration of genes that control angiogenesis, 
result in pulmonary vascular underdevelopment and hyperreactivity, leading to PPHN that 
characterizes CDH patients. Further, the maladaptation of newborns with CDH to the 
extrauterine life could be enhanced by the impaired reabsorption of lung fluid at birth due to a 
decreased number of water and ion channels that are involved in the process. 
 
Tracheal ligation and Lung hyperplasia 
  
Accelerated lung growth induced by retention of lung fluid has been observed in human fetuses 
born with laryngeal or tracheal agenesis or atresia (Wigglesworth 1987; Silver 1988; Scurry 
1989). The same effect has been obtained experimentally by creating an airway obstruction 
during fetal development in different animal models. Studies in rabbits, sheep, lambs and rats 
have shown that prenatal tracheal occlusion induces lung growth. TL in lambs with surgically 
created diaphragmatic hernia corrects not only the deficit of lung growth but also reduces the 
increased muscularization of the fine vasculature. In this model, TL accelerates both large 
vessel and capillary growth, reverses the increased muscularization of pulmonary arteries and 
returns to normal both the altered capillary wall ultrastructure and the capillary-alveolar 
interface. But it also induces alveolar type II cell apoptosis and surfactant deficiency (Bullard 
1997; Benachi 1998; Luks 2000; Bratu 2001).  
While fetal TL accelerates lung growth in experimental animals, with or without congenital 
diaphragmatic hernia (CDH), it has failed to show a benefit when it has been performed in 
human fetuses with CDH, compared with expert postnatal treatment in a prospective 
randomized study (Harrison 2003). There are on-going clinical trials with promising results but 
survival rates remain similar to those achieved with extensive postnatal intensive care (Cass 
2005; Deprest 2005; Deprest 2008). Intrauterine tracheal ligation is an extremely invasive 
therapy and ideally an increased understanding of the molecular mechanisms behind the 
stimulation of lung growth could lead to development of less invasive methods. 
Accelerated postnatal lung growth has also been induced by distension of the lungs with 
perfluorocarbon. A real lung growth with increased number of alveoli has been observed in 
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lambs, whereas in humans with CDH only an increased in lung size has been documented with 
X-ray (Major 1995; Nobuhara 1998; Fauza 2001; Hirschl 2003; Muensterer 2004; Bütter 2005; 
Muensterer 2005). The mechanism by which tracheal ligation and perfluorocarbon distension 
induce lung growth is poorly understood. The primary stimulus is considered to be mechanical, 
due to lung fluid retention and increased intrapulmonary pressure, which stretches the 
developing lung tissue promoting cell growth. 
  
a) Increased number of alveoli after TL 
However, large lungs do not necessarily mean good lung function. This can only be expected if 
the structure of the growth-stimulated lungs resembles that of normal lungs. Kitano et al. 
studied CDH rat lungs subjected to TL by morphometric methods and concluded that the 
growth stimulated hypoplastic lungs have a histological appearance similar to that of normal 
fetal lungs with regard to both RAC and alveolar volume density (Kitano 1999; Kanai 2001; 
Baird 2007).  
To our knowledge, no such studies of lung structure have been performed on normal rats 
undergoing late fetal tracheal occlusion, and no previous comparisons have been made with 
normal neonatal animal lungs either. In our study, fetal rats were subjected to tracheal ligation 
late in gestation, i.e. in the cannalicular phase of lung development. Substantial pulmonary 
enlargement was seen in the dissecting microscope and Lw/Bw ratio was increased by more 
than 50% compared to controls. This confirmed that our experimental model worked, and 
suggests that there was no leakage of intratracheal fluid. The TL lungs generally appeared more 
mature with large surface area for gas exchange and thin interalveolar septa compared to control 
lungs.  
There was a significant increase in RAC in TL lungs indicating an increased number of alveoli 
per terminal respiratory unit. The volume density of alveolar air space was likewise 
significantly higher in TL lungs compared to control lungs. In fact, the histological appearance 
of TL-lungs at E21 resembled that of normal newborn lungs, regarding both RAC and volume 
density of alveolar air space. Our study showed that lungs subjected to tracheal ligation during 
the cannalicular phase of fetal development are not only growth stimulated but also develop a 
mature histological appearance with an increased number of alveoli per terminal respiratory unit 
compared to control fetal lungs. 
  
b) Increased expression of genes with growth factor activity after TL 
Several growth factors and proteins are already known to have an affected expression after TL: 
fibroblast growth factor-7 (FGF-7 or KGF), insulin-like growth factor-1 (IGF-1) and 
transforming growth factor beta-2 (TGF-β2) are increased (Quinn 1999; McCabe 2001; 
Frenckner 2005). However, contradictory reports about thyroid transcription factor-1 (TTF-1) 
and surfactant expression after TL have been published (Bullard 1997; Maltais 2003; Chapin 
2005; Danzer 2006). In our study, connective tissue growth factor (CTGF) was the growth 
factor that exhibited the most striking and robust increase after TL. This growth factor has 
never been described previously to be increased after TL. The role of CTGF in lung 
development has not been previously investigated in an extensive manner. CTGF seems to be 
involved in promoting alveolarization and maybe even in microvascular development in the late 
stages of lung development. CTGF role and expression in lung development will be further 
discussed below.  
Other growth factors such as IGF-1 and FGF-18 were also up-regulated after TL. IGF-1 has 
previously been described to be increased after TL (Frenckner 2005) and is localized to 
mesenchymal cells surrounding the airway epithelium, essential for normal growth and 
development (Narasaraju 2006). The IGF signalling pathway plays a critical role in proliferation 
and differentiation of the alveolar epithelium during tissue remodelling, and modulates cell 
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proliferation and differentiation during embryogenesis, playing an important role in human 
foetal lung development and maturation. IGFs are expressed throughout gestation in the human 
respiratory tract, and are distributed in spatially and temporally different patterns in the 
developing rat lung. Both IGF-I and II stimulate fibroblasts and epithelial lung cell 
proliferation, and are known as potent angiogenic factors (Kumar 2005; Narasaraju 2006).  
FGF-18 has been described previously to be decreased in CDH, and increased after TL and 
vitamin A treatment (Boucherat 2007). FGF-18 is expressed abundantly in both embryonic and 
postnatal lungs. It is localized in interstitial cells of alveolar septa, and promotes elastogenesis 
and elastin deposition, promoting septation. FGF-18 enhances proximal and inhibits peripheral 
airway formation, and plays a role in remodelling distal lung during the saccular stage of lung 
development (Kotecha 2000; Copland 2004; Kumar 2005). Thus, the increase in both these 
growth factors could have a role in the acceleration of lung growth observed after TL.  
 
c) Decreased expression of genes associated with the surfactant system after TL 
Some of the genes that were decreased after TL in our study are involved in surfactant 
metabolism, the phospholipid-richprotein-lipid mixture capable of lowering surface tension at 
the air-alveolar interface. As mentioned earlier, TL is known to decrease surfactant production 
through impaired differentiation and increased apoptosis of alveolar type II pneumocytes, which 
are responsible for surfactant production (Bullard 1997; Kay 2001; Chapin, Ertsey 2005). 
Alveolar type II cells and Clara cells synthesize and secrete Surfactant proteins (SP)-A, B, D, 
whereas SP-C and surfactant phospholipids are produced and secreted by type II cells only 
(Mendelson 2000).  
According to our results in the immunohistochemical analyses, the observed decrease of SP-A 
seems to be a result of impaired differentiation of type II cells, whereas the production of SP-A 
by Clara cells seems to be maintained. We also found a decreased expression of 
phospholipases, enzymes that are involved in the metabolism of phospholipids, the major lipid 
in pulmonary surfactant (Wu 2006). Two additional genes, apolipoprotein E (ApoE) and 
transferrin (Tf), were also decreased after TL. Up-regulation of ApoE and Tf has been observed 
in hyperoxic lungs, and play a protective role against oxidative stress in an animal model (Chen 
2006). Whereas ApoE is expressed in alveolar type I-cells, Tf is expressed in both alveolar type 
I and II cells, with the highest expression levels in type I cells. ApoE is a plasma lipoprotein 
high-affinity ligand for low density lipoprotein receptors, and is involved in the transport of 
cholesterol, which is the second most abundant lipid component in surfactant. Thus, our study 
has also revealed possible molecular mechanisms for the decreased surfactant production 
known to result from TL. 
 
In conclusion, an occlusion or ligation of the trachea in late stages of lung development seems 
to have positive effect in enhancing lung growth, as it could be observed in the increased 
surface area for gas exchanged measured by Vva, with an increased number of alveoli in the 
terminal buds, and not only a distension effect of the lung due to an occlusion of the lung fluid 
efflux. The increased number of genes with growth factor activity also support the observation 
that lungs subjected to tracheal ligation in late stages of lung development actually growth, and 
that the lung cells subjected to stretch response with altered gene expression. On the other hand, 
the intervention seems to have a negative effect in surfactant production and metabolism. 
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CTGF and Lung development 
  
Connective tissue growth factor (CTGF) is a cystein-rich protein signalling molecule expressed 
in the developing lung. It is a 38kDa large protein member of the CCN (Cyr61/CEF-10, 
CTGF/Fisp-12, Nov) family of immediate genes, which are highly conserved among species. 
CTGF, as well as other CCN family members, can act as extracellular matrix (ECM)-associated 
signalling proteins. During embryogenesis CTGF is produced by several tissues and organs in a 
temporo-spatial pattern (Shimo 1999; Leask 2003). Biological effects of CTGF include 
stimulation of proliferation of fibroblasts, angiogenesis, migration, extracellular matrix (ECM) 
production, cell attachment, cell survival, and in mesangial cells and vascular smooth muscle 
cells (VSMC), apoptosis. However, this far, a signalling receptor for CTGF has not been 
identified. CTGF plays an important role in normal endothelial homeostasis and participates in 
the angiogenic process during embryonic development. It also regulates the production or 
activity of other angiogenic molecules like FGF and VEGF, and ECM molecules like collagen, 
MMPs and TIMPs (Brigstock 2002). 
CTGF regulation varies in different cell types. In epithelial cells, CTGF expression is stimulated 
by transforming growth factor beta (TGFβ), insulin growth factor I (IGF-I), hepatocyte growth 
factor (HGF), transforming growth factor alpha (TGFα) and epidermal growth factor (EGF), 
and inhibited by oxidative stress. In the vessel wall, endothelial cells, VSMC and pericytes, 
CTGF expression is stimulated by VEGF, whereas in mesenchymal cells like fibroblasts, the 
major factor inducing CTGF is TGFβ1 (Blom, Goldschmeding et al. 2002). Physical factors 
like tension, stretch and static pressure all induce transcription of CTGF, and a stretch-
responsive element (GAGACC) in the CTGF promoter has been described (Blom 2002). The 
Wilm's tumor suppressor WT1 inhibits CTGF expression by acting on the CTGF promoter 
sequence (Blom 2002; Leask 2003). 
CTGF has been extensively studied as an important player in the pathogenesis of lung fibrosis: 
it is up-regulated postnatally in hyperoxia-induced lung fibrosis, acting as a downstream 
mediator of TGF-β1, enhancing fibroblast mitosis and promoting collagen deposition (Chen, 
Wang et al. 2007). In late stages of lung development CTGF seems to promote alveolization 
and vascular development: in an experimental model of induced antenatal inflammation, a 
decrease of CTGF has been reported, that seems to inhibit vascular development, and limit lung 
fibrosis during remodelling, similar to what is observed in preterm infants, who most frequently 
develop bronchopulmonary dysplasia (BPD), with less fibrosis but striking inhibition of 
alveolar septation and microvascular development (Kunzmann 2007).  
CTGF knockout (Ctgf–/–) mice die shortly after birth because of respiratory failure caused by 
skeletal defects (Ivkovic 2003). In Ctgf–/– embryos, deficient induction of bone-specific matrix 
expression, together with chondrocyte proliferation, results in improper ossification of the rib 
cartilage. The mutants also show extensive vascular malformations. In addition, a transgenic 
mouse overexpressing CTGF exhibit decreased bone density, and revealed a role for CTGF in 
coupling extarcellular matrix remodelling to angiogenesis (Nakanishi 2001). Although multiple 
target cell types have been identified for CCN proteins, there is strong evidence supporting a 
role for CTGF in the regulation of endothelial cell function and angiogenesis. CTGF can 
promote endothelial cell growth, migration, adhesion and survival in vitro, and endothelial cell 
proliferation and migration is reduced by antagonists of CTGF in vitro, whereas recombinant 
CTGF (rCTGF) inhibits angiogenesis in vivo (Shimo 1999). CTGF interaction with ECM 
results in displacement of basic fibroblast growth factor (bFGF), thereby increasing the amount 
of this angiogenic molecule available locally to interact with FGF receptors (Brigstock 2002; 
Leask 2003).  
On day 14.5 of embryogenesis in the mouse, CTGF is localized to vascular endothelial cells. 
During development, CTGF expression by endothelial cells is associated with the formation of 
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a branching and anastomozing vascular network (Brigstock 2002; Ivkovic 2003; Leask 2003). 
In our study, we did not find CTGF expression in the pulmonary vasculature, at any stage of 
lung development. CTGF seems to be expressed mostly in the epithelium of distal airways, 
increasing during gestation, being more abundant in late stages of lung development and in 
growth stimulated lungs after TL. In this model, CTGF expression pattern decreases distally, 
being less abundant in the epithelium of alveolar ducts and alveoli. CTGF seems to play a role 
in enhancing alveologenesis in late stages of lung development, and the increased 
alveologenesis could estimulate pulmonary angiogenesis. 
Most of the studies of CTGF have been focused on the role of CTGF in fibrogenesis and 
remodelling during postnatal life, and there are few studies about the role of CTGF in 
development, especially the role of CTGF in lung development has not been previously 
investigated in an extensive manner. 
Developing lung cells are exposed to increased intraluminal pressure and stretch mechanism 
after prenatal TL, and physical factors like tension, stretch and static pressure all induce 
transcription of CTGF (Shimo 1999; Kessler 2001). CTGF acts as an autoparacrine downstream 
mediator for other growth factors, such as PDGF, VEGF, TGF-β and FGF (Brigstock 2002; 
Leask 2003), that are known to enhance lung growth and alveolization (Kumar 2005). We have 
here demonstrated increased levels of CTGF in late lung development after TL. CTGF seems to 
promote alveolization and vascular development in the late stages of lung development 
(Kunzmann 2007) and has a stretch-responsive element (GAGACC) in its promoter (Kessler 
2001; Bloom 2002). Thus, an activation of this element in the CTGF promoter could perhaps be 
the molecular mechanism to explain the increased number of alveoli indicated by the increased 
radio-alveolar count (RAC) observed after TL. Still the exact pathways by which CTGF is 
regulated under these conditions remains to be elucidated.    
Both the contralateral and the ipsilateral lungs are hypoplastic in CDH. On the ipsilateral side, 
growth of the lung is impaired at a later phase by the presence of abdominal organs in the 
thoracic cavity interfering with fetal breathing movements (FBM) (Kejzer 2000; Rottier 2005; 
Bargy 2006). In a Myf5-/-;MyoD-/- mouse model, entirely lacking skeletal musculature and 
FBM, the lungs are hypoplastic and there is an impaired differentiation of type II pneumocytes 
to type I (Baguma-Nibasheka 2007). In this model, a decreased expression of CTGF has been 
reported. In a CTGF-/- mouse model, in which death followed shortly after birth due to 
respiratory failure, there is a restriction of  thoracic cavity expansion and diminishing of FBM, 
leading to pulmonary hypoplasia. A decreased expression of IGF-I and PDGF in this CTGF 
knock-out model has been reported (Baguma-Nibasheka 2008).  
Our results show that CTGF is expressed in the lung mesenchyme in all groups from E14 in 
accordance with mesenchymal CTGF expression in the developing rat lung (Ivkovic 2003; 
Kunzmann 2007). Assuming the theory of an early mesenchymal lesion in the developing lung, 
one could expect also an impaired CTGF expression in mesenchymal derivatives, such as 
fibroblasts. We found a decreased expression of CTGF both at a RNA level and protein level in 
CDH lungs compared to controls but also to TL-lungs. In CDH lungs, CTGF was less abundant 
both in the lung mesenchyme and in the respiratory epithelium. This decreased CTGF 
expression may inhibit vascular development and contribute to the impaired alveolar and 
pulmonary vascular development seen in CDH. 
CTGF seems to be associated with promoting alveolization and microvascular development in 
late stages of lung development, and an activation of the stretch-responsive element in the 
CTGF promoter may be the molecular mechanism explaining the increased lung growth 
observed after TL. For CDH, an early mesenchymal hit during lung development could lead to 
a decreased CTGF expression in fibroblasts causing an impaired angiogenesis. This could be 
one possible pathological pathway to explain the lung hypoplasia and abnormal microvascular 
development leading to persistent pulmonary hypertension (PPHT) in CDH.  
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5 CONCLUDING REMARKS 

In summary, the present work provides new insights in the pathogenesis of lung hypoplasia and 
congenital diaphragmatic hernia in the nitrofen model, which includes alteration at a molecular 
level of several pathways involved in lung development. Together this builds a complex picture 
of several affected biological processes that include growth and development, fluid balance and 
vascular development. The complexity of the nitrofen mechanism of action is reminiscent of 
human CDH and the picture is consistent with lung hypoplasia and vascular disease, both 
important contributors to the high mortality and morbidity in CDH.  
  
As it can be concluded from these results, TL is a well-documented stimulator of fetal lung 
growth in utero. Moreover, our study provides novel insights into the underlying molecular 
mechanisms, with increased expression of genes and proteins with growth factor activity. This 
is the first report of the involvement of CTGF in prenatal lung growth and development after 
TL. We observed increased CTGF expression after TL, both at the mRNA and protein level, 
and suggest that this growth factor plays an important role in enhancing lung alveologenesis 
after TL. We also see increased expression of other growth factors with a known role in lung 
development and our study corroborates the hypothesis that prenatal TL impairs type II 
pneumocyte differentiation, as shown by the decreased expression of genes and proteins 
involved in surfactant production. 
  
We have described the expression pattern of CTGF during different stages of lung development 
in rats. This growth factor is expressed in the epithelium of distal conducting airways in early 
stages of lung development, and its expression increases along gestation. This is also the first 
report of an impairment of CTGF expression, both at a transcript and protein level, in the 
Nitrofen model of CDH and lung hypoplasia. This could be one possible pathological pathway 
explaining the lung hypoplasia and abnormal microvascular development leading to persistent 
pulmonary hypertension (PPHT) in CDH.  
  
Improved understanding of normal and abnormal lung development may lead to new 
therapeutic targets to treat the lung hypoplasia and associated lethal pulmonary hypertension in 
newborns with CDH, like the concept of pharmacologic”PLUG”, with targeted growth factors, 
such as CTGF, to enhance airway and vascular development to stimulate pre- and/or postnatal 
lung growth in affected infants, giving arise to a seventh era in the treatment of this condition. 
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7 SAMMANFATTNING 
Kongenitalt diafragmabråck är en medfödd missbildning där det föreligger en defekt i 
diafragma, vanligtvis på vänster sida. Bukviscera kommer då under fosterlivet att ligga i 
brösthålan och trycker på lungor och mediastinum. Dessa patienter föds alltid med en mer eller 
mindre utvecklad lunghypoplasi. Graden av hypoplasi blir avgörande för patientens chans till 
överlevnad. Sedan flera decennier tillbaka har mortalitet i de flesta material legat omkring 50 
%. De senaste decennierna finns flera rapporter om överlevnad på 80-90 %. Den högre 
överlevnaden beror i huvudsak på förbättrad intensivvård inklusive extracorporeal 
membranoxgenering (ECMO). Trots den förbättrade överlevnaden föreligger dock fortfarande 
en betydande morbiditet bland de överlevande patienterna. Såväl mortalitet som morbiditet är 
avhängigt av patientens lunghypoplasi. En kausal terapi borde därför inrikta sig mot att öka 
lungtillväxten pre- eller postnatalt. Mekanismerna hur lunghypoplasin uppstår är idag mycket 
oklara. Ökad kännedom om dessa är nödvändiga för att skapa ökad förståelse kring fetal 
lungtillväxt och att på sikt kunna minska lunghypoplasin vid kongenitalt diafragmabråck. 
Experimentellt kan diafragmabråck studeras i en råttmodell där dräktiga honråttor får herbiciden 
nitrofen. Omkring hälften av fostren utvecklar medfött diafragmabråck, som mycket påminner 
om det humana. Om trakea slutes experimentellt på djurfoster eller med foster kirurgi på 
mänskliga foster har man påvisat en ökad lungtillväxt. Mekanismerna för minskad lungtillväxt 
vid diafragmabråck resp. ökad vid ocklusion av trakea är okända. 
Syfte med vårt arbete var att öka kunskapen om de biologiska och molekylära mekanismerna 
genom vilka en lunghypoplasi resp. lunghyperplasi uppstår vid kongenitalt diafrgamabråck 
resp. vid ocklusion av trachea under fosterstadiet. 
Vi har studerat den histologiska arkitekturen på foster lungor, som tillväxtstimulerats genom 
fetal trakeal ocklusion och jämfört det med hypolastiska lungor efter nitrofen och lungor från 
nyfödda, och kunnat bekräfta att TL inducerar lungtillväxt. De tillväxtstimulerade lungor har en 
väsentligen normal histologisk arkitektur. Antal alveoler samt andel av luftförande parenkym är 
högre i TL lungor jämfört med både CDH och kontrollungor. 
Vi har genomförd Microarray analys på de ovan nämnda lungorna (CDH, tillväxtstimulerade 
och kontroller) och funnit cirka 500 gener som är antigen upp eller nedreglerade i de olika 
grupperna.  
Vi har funnit att, efter trachealligering, många uppreglerade gener är tillväxtfaktorer, som 
CTGF, IGF-1 och FGF-18. Några nedreglerade gener i den trachealligerade gruppen är gener 
inblandade i surfactant syntesen i lungorna. Med real-time PCR och immunofärgningar har vi 
kunnat bekräfta microarray resultaten. 
Några nedreglerade gener i de hypoplastiska lungorna efter nitrofen är bl a gener som kodar för 
transkriptions faktorer som styr lungutveckling, tillväxtfaktorer och tillväxtfaktorreceptorer, 
gener inblandade i kärlutveckling, jonkanaler och vattenkanaler. Vi har kunnat bekräfta våra 
resultat med både real-time PCR och med Western Blot på protein nivå. 
Vi har vidare tittat på uttryckmönstret på CTGF i lungor i olika utveckligstadier och jämför dess 
uttryck i hypoplastika lungor efter Nitrofen och hyperplastiska efter trakealligering. Vi har 
kunnat beskriva ett uttryckmönster som inte har tidigare beskrivits under lungutvecklingen.  
Enstaka rapporter idag vittnar om att det förekommer både sen mortalitet och morbiditet hos 
patienter som behandlats för CDH och som har en grav lunghypoplasi. Om resultaten ska 
förbättras ytterligare, måste sannolikt lungtillväxten stimuleras pre- eller postnatalt. Ökad 
kunskap om mekanismerna kring fetal lungtillväxt och de genetiska vägar som styr 
lungutveckling är där vid av stor betydelse. I de längre perspektiven kan ökad kunskapen om 
detta leda till utveckling av nya läkemedel, som kan stimulera lungtillväxten under fosterlivet. 
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8 RESUMEN 

La hernia diafragmática congénita (HDC) es un defecto congénito debido a la fusión incompleta 
del diafragma durante el desarrollo fetal. Esta apertura anormal permite que algunos de los 
órganos que normalmente se encuentran en el abdomen (bazo, estómago, intestino delgado, 
parte del hígado) emigren a la cavidad torácica, afectando al desarrollo pulmonar durante el 
periodo embrionario. Afecta a uno de cada 2.000 a 5.000 nacidos vivos. Al nacer, los bebés 
sufren una dificultad respiratoria severa, que con frecuencia requiere apoyo respiratorio 
agresivo, incluyendo intubación y ventilación mecanica, e incluso oxigenación con membrana 
extracorpórea (ECMO) para estabilizar al paciente. 
La HDC es una condición seria con muchas complicaciones potenciales y secuelas a largo 
plazo. Gracias al desarrollo de la tecnología y los avances médicos, el índice de supervivencia 
ha mejorado en los últimos años, aunque la mortalidad y las secuelas en los supervivientes aún 
son altas, debido a la hipoplasia pulmonar y la hipertensión pulmonar. Para mejorar los 
resultados es necesario el desarrollo de nuevas formas de tratamiento enfocadas en mejorar el 
problema central, la hipoplasia e hiperstensión pulmonar.  
Las causas de la HDC aún son desconocidas. La obstrucción de la tráquea durante el desarrollo 
embrionario estimula el crecimiento pulmonar, aunque el mecanismo es, hasta hoy, también 
desconocido. Para intentar entender los mecanismos moleculares que hay detrás de la hipoplasia 
pulmonar en HDC, hemos realizado nuestros experimentos en un modelo animal en el que 
administramos nitrofén, un herbicida, a ratas Sprague-Dawley al principio del embarazo, 
ocasionando HDC a los fetos. Tambien hemos realizado una intervención quirúrgica en algunos 
de los fetos de estas ratas, en la cual ligamos la tráquea al final del desarrollo embrionario, 
estimulando el crecimiento de los pulmones. 
Los estudios histológicos de los pulmones hipoplásticos después de la administración de 
nitrofén, y de los pulmones hiperplástiscos después de la intervención fetal, demuestran que la 
ligadura traqueal estimula el crecimiento pulmonar, con un aumento del número de alveolos y 
de la superficie para el intercambio gaseoso. 
Los estudios a nivel de expressión genética en estos pulmones (hipoplásticos en HDC e 
hiperplásticos después de la obstrucción traqueal) con la técnica de microarray, demuestra que 
los genes tienen una mayor o menor expresión en estos pulmones. En pulmones hiperplásticos 
hemos encontrado un aumento en factores de crecimiento como CTGF, IGF-1 y FGF-18, y una 
disminuición en proteínas y genes relacionados con el metabolismo del surfactante, la capa de 
fosfolípidos necesaria para el mantenimiento de la estructura alveolar después del nacimiento. 
En los pulmones de HDC después de suministrar nitrofén, hay una disminuición de los genes 
que controlan el desarrollo pulmonar a distintos niveles, como factores transcripcionales, de 
crecimiento y sus receptores, genes desarrollados con el desarrollo vascular, canales de iones y 
agua. 
Los estudios immunohistológicos de CTGF en pulomones en distintas etapas del desarrollo 
embrionario, y en los pulmones de HDC e hiperplásticos, demuestran una disminuición de este 
factor de crecimiento en HDC y un aumento en los pulmones hiperplásticos. 
La HDC es una malformación compleja y un gran desafío para cirujanos pediátricos y 
neonatólogos. Para mejorar los resultados en pacientes con HDC, hay que entender primero los 
mecanismos que controlan el desarrollo pulmonar, para poder desarrollar nuevas estrategias 
terapeúticas encaminadas en estimular el desarrollo pulmonar, pre y/o postnatal. 
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