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POPULÄRVETENSKAPLIG SAMMANFATTNING 

En människas lungor börjar att växa tidigt under fosterlivet och fortsätter att 

utvecklas flera år efter det att vi har fötts. En viktig faktor bakom fostrets 

lungtillväxt är ett kontinuerligt utflöde av lungvätska, vilken produceras inuti 

lungorna och därför fyller upp det utrymme som senare ska bli våra luftvägar. Den 

växtstimulerande effekten på lungorna är kopplad till det tryck och den volym 

som lungvätskeproduktionen leder till inuti lungorna. Under denna tid kan fostret 

således inte andas luft, utan erhåller syre via blod från moderkakan. Man vet 

sedan tidigare att utflödet av lungvätska är beroende av sekretion av kloridjoner. 

Det jontransporterande proteinet NKCC-1 är centralt i denna sekretoriska process. 

Brist på vätska inuti lungorna under fosterlivet kan leda till s.k. pulmonell 

hypoplasi (PH), d.v.s. små och underutvecklade lungor. Det motsatta, pulmonell 

hyperplasi, uppstår om lungvätskan inte kan dräneras från lungorna i samma takt 

som den produceras. Genom att kirurgiskt applicera en typ av plugg i fostrets 

luftstrupe, en s.k. trakeal obstruktion, kan man hindra lungvätska från att lämna 

lungorna och på det viset inducera pulmonell hyperplasi på konstgjord väg. Denna 

metod används experimentellt för att behandla pulmonell hypoplasi som upptäckts 

när fostret fortfarande befinner sig i mammans livmoder. Strax före födelsen 

växlar lungorna från sekretorisk lungvätskeproduktion till att i stället absorbera 

lungvätska. En väl fungerande lungvätskeabsorption är nödvändig för att rensa 

luftvägarna från överflödig vätska och således möjliggöra för det nyfödda barnet 

att ta sina första, egna andetag. Denna process drivs av absorption av natriumjoner 

via framför allt jonkanalen ENaC, vilken består av tre olika subenheter – α, β och 

γ. Såväl sekretion som absorption av joner kräver att proteinet Na+, K+-ATPase, 

vilket är ett s.k. pumpprotein, fungerar korrekt. Sannolikt spelar också 

aquaporinerna (AQP), vilka är vattentransportörer i bl.a. lungan, en roll i 

omsättningen av lungvätska. 

Pulmonell hypoplasi är oftast associerat till sjukdomen kongenitalt 

diafragmabråck (CDH). Detta är en medfödd missbildning som drabbar cirka 1 av 

3000 levande födda, vilket innebär att det varje år föds cirka 30 barn med denna 

 
 



 
 

åkomma i Sverige. CDH inbegriper en onaturlig förbindelse mellan bukhåla och 

bröstkorg genom att ett bråck (ett hål) har uppstått i diafragmakupolen, vilken 

normalt avdelar dessa båda anatomiska utrymmen. Förutom det för ögat 

uppenbara bråcket, lider patienterna också av en mer eller mindre uttalad 

pulmonell hypoplasi samt pulmonell arteriell hypertension (PAH) – ett högt tryck 

i lungornas blodcirkulation där syrgasutbytet sker. Dessa två sjukliga 

lungförändringar leder till att de allra flesta CDH-patienter lider av svår 

andningssvikt när de föds. 

Syftet med föreliggande avhandlingsarbete var att undersöka vilken roll 

lungvätskeomsättningen spelar för utvecklingen av PH och lungornas funktion 

strax efter födelsen vid CDH. Avhandlingen inkluderar också en studie av en 

möjlig ny behandlingsmetod mot PAH hos CDH-patienter. 

I studie I undersöktes uttrycket under olika utvecklingsstadier av NKCC-1, ENaC 

och Na+, K+-ATPase i en djurmodell av CDH. Våra resultat tyder på en störd 

förmåga till omsättning av lungvätska hos CDH-foster, vilket kan leda till en 

sänkt sekretions- och absorptionsförmåga. I studie II studerade vi uttrycket för tre 

olika kloridkanaler (ClC-2, -3 och -5) i två olika djurmodeller och deras roll för 

utvecklingen av pulmonell hypoplasi hos CDH-foster samt pulmonell hyperplasi 

efter trakeal obstruktion. Våra resultat stärker hypotesen att ClC-2 är ett potentiellt 

målprotein och en intressant kandidat för att kunna manipulera 

lungvätskesekretion på farmakologisk väg. En genanalys av en CDH-djurmodell 

genomfördes i studie III, där vi kunde konstatera att flera för lungutvecklingen 

centrala proteiner var nedreglerade. I studie IV analyserade vi lungvätskeprover 

från nyfödda barn med CDH och kunde visa att nivåerna av samma proteiner som 

var nedreglerade i studie I också är nedreglerade i människor med CDH. Detta 

öppnar upp möjligheter till flera nya sätt att behandla CDH-patienter under 

nyföddhetsperioden. I studie V visar vi att behandling med läkemedlet Imatinib 

(Glivec®) leder till i princip en normalisering av lungkärlbädden i en djurmodell 

av CDH.  

 





ABSTRACT 

Early lung development is based on a continuous cross-talk of growth and transcription factors between the 
developing lung bud and the surrounding parenchyma. Throughout fetal life, pulmonary growth and 
differentiation depend on Cl- driven lung liquid secretion. The prospective fetal airways are thus filled with lung 
liquid and the fetus is provided with oxygen by the mother through the placenta. Cl- secretion involves the 
basolateral Na+-K+-2Cl- co-transporter 1 (NKCC-1), coupled to an apical Cl- exit pathway. A decrease in lung 
liquid renders pulmonary hypoplasia, while an in utero applied tracheal occlusion (TO), trapping lung liquid 
within the airways, results in pulmonary hyperplasia. In order to eliminate residual lung fluid and to make way 
for an effective gas exchange, the lungs switch prenatally to active fluid absorption by apical Na+ transport 
through the amiloride sensitive epithelial sodium channel (ENaC-α/-β/-γ). The basolaterally located Na+, K+-
ATPase acts as the primary driving force. Four water channels, aquaporin (AQP) 1, 3, 4 and 5 are also expressed 
in the lung and may contribute to fluid absorption. Pulmonary hypoplasia is most frequently associated with 
congenital diaphragmatic hernia (CDH), a birth defect present in 1 in 2000-3000 live newborns; approximately 
8% of all major congenital anomalies. About 30 newborns per year are diagnosed with CDH in Sweden. Survival 
rates differ significantly, but averages on 50%. The disease includes herniation of abdominal viscera into the 
thoracic cavity through a diaphragmatic defect. The pathophysiology of CDH is constituted by pulmonary 
hypoplasia (PH) and an increase in lung vessel resistance, resulting in pulmonary artery hypertension (PAH). 
This leads to respiratory distress at birth. The work in this thesis aimed to explore the role of lung liquid 
metabolism for the development and function of hypoplastic lungs in CDH. The work also includes a study on a 
possible new drug candidate for the treatment of PAH in CDH. In study I, we investigated the expression of 
NKCC-1, ENaC and Na+, K+-ATPase during different developmental stages in a rat model of CDH. NKCC-1 
together with β-ENaC were significantly down-regulated in fetuses with CDH and PH in mid- and late gestation. 
This indicates that lung liquid metabolism might be affected in CDH and the ability for lung liquid production 
and absorption may be decreased. In study II, we examined the role of the chloride channels ClC-2, -3 and -5 in 
the development of hypoplastic lungs and TO-induced hyperplastic lungs. ClC-2 and -3 were both down-
regulated just before birth in PH lungs, while lung hyperplasia created by TO up-regulated the expression of 
ClC-2. NKCC-1 showed a tendency towards up-regulation in hyperplastic lungs. ClC-5 were not affected in any 
group. ClC-2 is therefore an interesting potential target in the development of novel, non-invasive therapies for 
CDH treatment. In study III, we performed a global gene expression analysis on the nitrofen-induced animal 
model of CDH. Significantly decreased expression was found for several growth factors and growth factor 
receptors involved in lung development, transcription factors, water and ion channels including ENaC and AQP1 
and -4, genes involved in pulmonary angiogenesis and extracellular matrix formation. These data supports our 
hypothesis that CDH with PH is connected to a reduced ability for lung liquid clearance at birth and that PH is 
not mainly a consequence of mechanical compression, but primarily an intrinsic pulmonary disease. In study IV, 
we conducted a clinical study examining the pulmonary expression of ion and water transporters in newborn 
CDH patients. β-ENaC, γ-ENaC and Na+, K+-ATPase α1 collected at 18 h postnatally were significantly lower 
in CDH infants compared to control infants and remained unchanged on the second day of life. These results 
support earlier reports from animal studies and may result in an abnormal lung fluid absorption contributing to 
the respiratory distress in newborn CDH patients. Study V was inspired by successful results from our group 
after administration of the platelet derived growth factor (PDGF) inhibitor, imatinib, to a CDH patient with 
intractable PAH. The pulmonary artery pressure decreased and the patient’s condition gradually improved. In the 
present study performed in rats, we showed that the typical medial wall hyperplasia of pulmonary arteries seen in 
CDH, leading to the increased pulmonary vascular resistance, could be counteracted and almost normalized after 
antenatal imatinib administration. Imatinib treated CDH fetuses also showed a significant reduction in the 
number of fully muscularized pulmonary arteries. The increase in smooth muscle cell proliferation which was 
found in the nitrofen treated rats compared to controls was also significantly reduced by imatinib treatment. We 
concluded that imatinib is a very interesting candidate as a novel therapeutic approach for counteracting PAH in 
CDH before birth. 
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AIMS 

The general aim of this thesis was to investigate the development of the two 

dominating pathophysiological features of congenital diaphragmatic hernia – 

pulmonary hypoplasia and pulmonary hypertension. I wanted to address these 

questions within the scientific context of bringing questions and findings from the 

clinical setting to the lab bench and to translate the knowledge gained from the 

controlled pre-clinical environment back to the clinic. 

The specific aims of this thesis were to investigate: 

• The protein expression of NKCC-1, ENaC and Na+, K+-ATP-ase during late 

gestation and near-term in normally developed and CDH affected lungs with 

pulmonary hypoplasia. 

• The developmental expression of basolateral and apical chloride channels in 

normal lungs, CDH affected hypoplastic lungs and surgically induced 

hyperplastic lungs. 

• Whether the pulmonary expression of α-, β- and γ-ENaC, Na+, K+-ATPase 

α1 and AQP5 on the first postnatal day of life is different in infants with 

CDH when compared to newborn infants without lung disease. 

• The genetic background of the nitrofen rat model. 

• Whether the development of pulmonary hypertension in CDH can be 

pharmacologically influenced during fetal development. 

 

 
 



INTRODUCTION 

Early lung development 

The lung is composed of airway epithelium, which originates from the primitive gut 

endoderm, and vasculature together with connective tissue that are derived from the 

splanchnic mesoderm. During fetal life the prospective airways are filled with lung 

liquid and the fetus is provided with oxygen and nutrients by the mother through the 

placenta. In order to exchange respiratory gases successfully after birth, the lung must 

be structurally and functionally mature. A sufficient amount of gas exchanging alveoli 

must have developed, the pulmonary parenchyma must have grown appropriately and 

the airway lumen must be cleared from fetal lung liquid. 

Pulmonary development can be approached and described in several different ways 

depending on point of interest. In this introduction, a short summary of early molecular 

respiratory system development is provided. Certain emphasis will however be put on 

the role of lung liquid and epithelial ion and water transporters in pulmonary 

development. 

Lung development in humans and many other mammals can be divided into five stages. 

The stages of lung development and the gestational ages at which they occur are 

provided below for humans and rats for comparison (Table 1). 

Stage of lung development Humans (weeks) Rats (days) 

Embryonic 4−6 0−13 

Pseudoglandular 6−16 13−18 

Canalicular 16−26 18−20 

Saccular 26−term 20−term 

Alveolar After birth After birth 
  

 Table 1. Stages of human and rat lung development. 
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At the beginning of the embryonic period at four weeks of gestation, a mid ventral 

grove appears in the foregut tube. This structure deepens and after longitudinal 

separation forms a ventral trachea and a dorsal esophagus. After elongation and 

bifurcation, two separate lung buds are formed.1 The primitive lung buds, slowly 

transforming into primary bronchi, initiate an interaction with the surrounding 

mesenchyme, which it invades. The development of the lung  

buds are hence a continuous temporal-spatial expression interaction between different 

signaling and transcriptional factors within a mesenchyme-epithelial context (Figure 1).2 

Sonic hedgehog (Shh), bone morphogenetic protein 4 (BMP-4) and fibroblast growth 

factors (FGFs) are important growth factors, while hepatocyte nuclear factor 3β (HNF-

3β), Gli genes and thyroid transcription factor 1 (TTF-1) represent the primary 

transcription factors at this stage.3-9 

2  



Figure 1. Epithelial-mesenchymal interaction during lung bud development. Modified from 
Groenman et al, Biol Neonate 87:164-177, 2005. 

 

FGF10 and FGFR2-IIIb, to which FGF10 binds, are essential for lung development 

initiation. FGF10 is expressed in the surrounding mesenchyme, while FGFR2-IIIb is 

found in the invading epithelium. Deletion of either of the two results in arrest of lung 

development below the trachea.4,10 Shh is one of the most extensively studied 

morphogens of early embryonic development and is well known to be crucial in several 

processes of organogenesis. It is expressed in pulmonary epithelial cells and plays a 

decisive role in early lung development.11 Three members of the Gli gene family is 

found further down the signaling pathway of Shh. While Shh -/- mice show normal lung 

bud development but an almost absent pulmonary branching morphogenesis, Gli2 -/- 

and Gli3 -/- mice have no trachea, esophagus or lung at all.8,12 The concerted actions of 
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FGF10, Shh and Gli are thus part of a feedback loop, creating a continuous cross-talk 

between the mesenchyme and the epithelium which results in lung bud development. 

BMP-4 has been found to take part in a similar mesenchyme-epithelial feedback loop.9 

Regulation of BMP-4 in the epithelium is complex and includes several other factors. 

One of the most studied is the so called Wnt canonical pathway.13 The scope of this text 

does however, unfortunately not allow a further description  of these, to a large extent, 

yet poorly understood processes. 

Retinoic acid, the active form of vitamin A, is known to affect many different 

developmental processes, including early lung development. It exerts its effects through 

binding to the retinoic acid receptors (RARs) and retinoic X receptors (RXRs). Vitamin 

A deprived dams give birth to offspring demonstrating a similar phenotype to that of 

FGF10 -/- mice while part of RAR null mice offspring present with different stages of 

diaphragmatic hernias, lung agenesis and pulmonary hypoplasia (see chapter 2 for a 

more thorough discussion).14-16 

Branching initiation of the lung bud down to the terminal bronchioli characterizes the 

pseudoglandular period. Arteries and veins appear alongside the branching airway and 

the poorly differentiated epithelium starts to develop into ciliated cells, goblet cells and 

basal cells together with the mesenchyme differentiating into cartilage and smooth 

muscle cells.17 The microstructure of the lung at this stage does not allow gas exchange 

and the future airway lumen is filled with lung liquid. 

FGF7 and FGF10 are the main positive regulators of this further branching 

morphogenesis as well as being involved in proliferation and differentiation of epithelial 

cells. In contrast, TGF-β1, 2 and 3, members of the transforming growth factor (TGF) 

super family, seem largely responsible for the counterbalancing negative regulation of 

lung development during this phase. Overexpression of TGF-β1 in distal lung 

epithelium in mice results in pseudoglandular pulmonary arrest and impairment of 

vascular development, probably due to an effect mediated via vascular endothelial 

growth factor (VEGF).18 Important transcription factors include GATA-6, involved in 
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branching morphogenesis as well as smooth muscle differentiation, and N-myc, which 

renders lung hypoplasia and decreased branching when disrupted.19,20 

During the canalicular period, from 16 to 26 weeks of gestation, the branching pattern 

becomes completed and the developing airways widen and lengthen markedly. 

Eventually, respiratory bronchioles appear which are further subdivided into terminal 

sacs. The surrounding mesenchyme becomes thinner and vascularization increases.17 

This reduces the gas diffusing distances between capillaries and terminal sacs, creating 

an air-blood interface which allows for basic gas exchange in the end of the canalicular 

period. Differentiation of the cuboidal epithelial cells into alveolar type I (ATI) and type 

II (ATII) cells also occur during this period. Epithelial cells type I elongate, facilitating 

effective gas exchange, while the type II cells retain their shape and develop surfactant 

containing lamellar bodies. Surfactant decreases the surface tension in the alveoli and 

distal bronchioli, thus promoting lung expansion during inspiration and preventing 

collapse at end expiration.21 

The saccular period occurs from about 26 weeks of gestation until term. The lungs are 

preparing for a life ex utero by growth of the pulmonary parenchyma, saccular 

formation of the respiratory epithelium and a more effective surfactant production. The 

connective tissue surrounding the saccules thins even further to allow a more effective 

gas exchange. These processes are mainly apoptotic in nature and concerted by 

counterbalancing proapoptotic factors, such as TGF-β and antiapoptotic factors such as 

insulin growth factor 1 (IGF-1) and nitric oxide, together with several other apoptosis 

related proteins that are secreted in and around the developing pulmonary 

parenchyma.22 Glucocorticoid receptors (GR) are found in the developing fetal lung 

parenchyma and are essential for normal lung development.23 GR knockout and 

corticicotrophin releasing hormone null mice are associated with fatal respiratory 

insufficiency at birth.24,25 Antenatal glucocorticoid treatment is today used regularly in 

the clinic in order to prevent respiratory distress in preterm neonates.26 Despite 

promising results from several animal studies, antenatal glucocorticoid treatment in 

fetuses with hypoplastic lungs has not shown any clear positive clinical effects. 27-29 
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The alveolar period begins approximately at term and continues on several years after 

birth. The functional gas exchanging unit, the alveoli, is formed by septation of the sacs 

resulting in secondary septa with a double capillary layer. The lungs eventually mature 

and a single layer of capillaries are formed. Finally, about 100 million alveoli are found 

in each lung in an adult human. Many factors, affecting both lung alveolarization and 

microvascular maturation, are active during alveolar maturation. Some of the most 

important ones include GATA-6, platelet derived growth factor A (PDGF-A), RAR, 

TTF-1 and VEGF.30-34 

Lung growth through lung fluid secretion 

Growth and differentiation of the fetal lung are dependent on lung liquid secretion 

which starts from embryonic development and continues throughout gestation until 

birth. 35-40 The fact that the developing fetal lung is fluid filled has been known for 

many years. It was first assumed that the fluid came from the fetus swallowing amniotic 

fluid. However, in 1941, it was noted by Potter and Bohlender that when examining the 

distal parts of lungs from fetuses who had deceased from upper congenital airway 

obstructions (atresias and stenoses), large amounts of fluid could still be found within 

the airway lumen.41 The fetuses had obviously not been able to aspirate any amniotic 

fluid because of the obstruction, so it was concluded that the fluid must have been 

produced within the lungs themselves. In the mid-sixties several studies in lambs 

followed up on this lead and showed that the content of the lung liquid was unique in 

composition to amniotic fluid and that liquid secretion into the developing fetal airway 

lumen was a result of active epithelial ion transport of Cl- with passive electrodiffusion 

of Na+.42-44 Lung liquid contains much higher levels of Na+ (150 mM vs. 113 mM) and 

Cl- (157 mM vs. 87 mM) but lower concentrations of total protein (27 μg/ml vs 100 

μg/ml) and HCO3
- (2.8 mM vs. 19 mM) as compared to amniotic fluid.  

The first connection between production of lung liquid and pulmonary growth was 

presented in 1948 by Jost and Policard after having inadvertently ligated and hence 

obstructed the trachea of a fetal rabbit when trying to induce hypopituitarism.45 They 

reported liquid distended lung tissue distal to the obstruction. A classic study in 1977 

experimentally addressed this question by showing that when one lobe in the fetal lamb 

6  



is continuously drained and the other lobe is ligated, the drained lobe shows marked 

pulmonary hypoplasia while the ligated lobe results in hyperplasia together with an 

increase in total lung DNA content.46,47 Accelerated fetal lung growth in the form of 

pulmonary hyperplasia was later found to be inducible in sheep, rat, mouse, rabbit and 

in humans.48-54 These findings have also laid the foundation to therapeutic efforts in 

trying to counteract the pulmonary hypoplasia in the human fetus by surgical 

application of a tracheal obstruction (see chapter 2).  

The rate of lung liquid production increases as the fetus develops. In lamb, the rate of 

production related to body weight and time is about 2 ml/kg/h at mid-gestation and 

approximately 5 ml/kg/h at the end of term.47 The volume of lung liquid in lambs is 

approximately 30 ml/kg during fetal life, compared to the remaining 0.4 ml/kg of lung 

lining fluid in the adult body. 43,55 However, liquid secretion alone is not enough in 

order for the lung to grow. The natural resistance offered by the upper airways, hence 

“trapping” the fluid within the airway lumen and the resulting increase in volume and 

pressure are of decisive importance. On average, this generates an intra-luminal 

distending pressure of 2-3 mmHg above the amniotic pressure, enough to create a 

significant expanding force within the lung.56 Several studies indicate that it is primarily 

the change in volume rather than the change in pressure, which mediates lung growth.57 

In either case, so called fetal breathing movements (FBM) – an activity in which the 

fetus releases the pressure of the upper airways by dilating the larynx and letting out 

trapped lung liquid from the airway lumen – are important for normal lung growth.58 

Apnoeic periods of building pressure and volume within the lungs are hence followed 

by FBM-induced release, creating a biphasic pattern. This cyclical stretch of the 

developing airways promotes lung growth and cell proliferation by affecting stretch- 

released mitogenic factors and an up-regulation of early response genes via the MAP 

kinase pathway. 59-62 

Compared to the number of studies on regulation of lung liquid absorption (see below), 

the amount of reports on fetal secretory regulation are scarce. Both fibroblast growth 

factor (FGF) and keratinocyte growth factor (KGF) stimulate lung liquid secretion in 

human fetal lungs and markedly influence branching, epithelial growth, differentiation, 

and patterning during fetal lung morphogenesis.63,64 It has been proposed that the effect 
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is linked to cAMP and inhibition of the Na+-K+-2Cl- co-transporter (NKCC-1) 

antagonist bumetanide. Prostaglandins, in the form of PGE2 and PGF2α, have also been 

shown to be able to affect lung liquid secretion.65 

As mentioned above, the production of lung liquid, which begins during embryonic 

development and continues throughout gestation until birth, arises from Cl- secretion by 

the pulmonary epithelium.35-37,40,42  Cl- secretion involves the NKCC-1, the primary 

basolateral Cl- entry pathway in airway epithelia, coupled to an apical Cl- exit pathway 

(Figure 2).66,67 The most well-accepted model of today stipulates Cl- entry at the 

basolateral side of the cell via NKCC-1 by an electrochemical gradient for Na+ 

generated by Na+-K+-ATPase which acts as an ion pump and raises the intracellular Cl- 

above its electrochemical potential.68,69 At the apical surface, Cl- exits through apical 

anion-selective channels, hence creating a negative luminal potential difference which 

enables Na+ to passively diffuse and water to flow down the established osmotic 

gradient. The relatively lower concentration of HCO3
- in fetal lung liquid could not be 

explained by the above model. A possible explanation could be the Na+/H+ exchanger, 

which has been found to play a role in fetal ATII cells from sheep.70 

In the same way as studies on regulation of lung secretion are scarce, reports on the 

apical Cl- exit pathway in developing lungs has received little attention. These processes 

are thus poorly understood in comparison to the mechanisms of Na+ transport. The 

cystic fibrosis transmembrane conductance regulator (CFTR) represents the most well-

studied apical Cl- pathway in postnatal settings. Even though electrophysiological 

studies show that rat fetal distal lung epithelial cells and adult ATII cells generate 

CFTR-like currents, fetal Cl- secretion is not likely to arise mainly through CFTR.71,72 

Cystic fibrosis patients lack pathological lung development and fetal lungs of CF -/- 

mice are well developed and show no abnormalities in distal lung transepithelial water 

and ion transport.73-75 

One possible candidate group of Cl- channels is the chloride channel (CLC) gene 

family. The family is composed of nine different Cl- channels widely expressed in 

epithelial tissues, including the lung.76 ClC-2, -3 and -5 are all localized to the apical 

membrane of fetal respiratory epithelia, which makes them possible candidates for 
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being mediators of fetal apical Cl- secretion.77-80 Functional studies have shown that 

inhibition of ClC-2 perturbs fetal lung morphology and that ClC-3 is important for the 

development of fetal lung fibroblasts. 81,82 However, their specific role in fetal lung 

development still remains to be elucidated. 
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Figure 2. A simplified model for fetal lung liquid secretion (A) and reabsorption (B).  Tight junctions 
between each epithelial cell separates the lung lumen from the interstitial space. The necessary gradient 
for Na+ to enter the cell together with K+ and Cl- is driven by the basolaterally located Na+-K+-ATPase. Cl- 

movement is directed out from the cell down its gradient through the apical side of the epithelial cells. 
The net movement of Cl- provides an osmotic gradient for H2O in the same direction as the Cl- current by 
passive Na+ transport. The result is an outflow of lung liquid into the developing lung lumen. At birth, 
adrenaline and other hormones stimulate the pulmonary epithelium to absorb lung liquid through cAMP 
mediated activation of the amiloride sensitive epithelial Na+ channel ENaC. The increase in intracellular 
Na+ concentration increases the activity of Na+-K+-ATPase. This creates a net influx of Na+ and Cl- into 
the cell, reversing the osmotic gradient for H2O and thus clearing the lung lumen from lung liquid. The 
relative importance of the members of the AQP family of selective water transporters is still unclear in 
these processes. Adapted from Harding R, Fetal growth and development, 2001. 
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Adaptation to postnatal life through lung fluid absorption 

Just before and especially during the first hours after birth, the lungs change to become 

a strongly fluid absorbing organ. This is necessary in order to eliminate residual lung 

fluid and to make way for an effective gas exchange. During this phase, sodium 

transport is the main driving force for fluid absorption. 

The fact that the wet lung weight/body weight ratio in lambs falls sharply at birth has 

been known ever since the mid-twenties.83 The cause behind this sudden drop was 

unknown for many years. However, some ideas were gathered when it became clear to 

practicing obstetricians that delivery by cesarean section, compared to vaginal delivery, 

slowed lung liquid clearance in the newborn.84 In 1978, Walters and Olver finally 

showed that intravenous infusion of the β-agonists adrenaline and isoproterenol into 

catheterized fetal lambs caused a rapid absorption of lung liquid and that this effect 

could be attenuated by parallel infusion of a β-antagonist.85 

Apart from adrenaline, several other hormones have been showed to play a role in lung 

liquid clearance. One of them is arginine vasopressin which augments the reabsorptive 

capacity of the lungs, but with a weaker effect than that of adrenaline. The mechanism 

of action is not fully understood, but several studies have proposed the effect to be more 

attributable to a decrease in secretion, than to a direct increase of absorption.86,87 The 

slow but substantial prenatal increase in the plasma levels of glucocorticoid and thyroid 

hormones have also been shown to be important for a proper pulmonary development 

towards an absorptive organ by affecting both the β-adrenergic response and by direct 

action on pulmonary ion channel expression.88,89 It has also been shown that the two 

hormones act synergistically by augmenting each other’s effects.90-92 Other factors, such 

as an altered oxygen tension in the lungs at birth, also contributes to the transition from 

a fetal secretory to an ex utero absorptive phenotype.93 

ATII cells are largely responsible for vectorial Na+ and Cl- transport from the apical to 

the basolateral side of the pulmonary parenchyma.94-96 Recent studies have also 

suggested a role for the ATI cell in pulmonary fluid transport.97,98 Lung liquid 

absorption takes place by Na+ uptake at the apical side of the epithelial cell and is 

subsequently actively pumped by Na+-K+-ATPase from the basolateral side into the 
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lung interstitium (Figure 2).99,100 Most of the absorbed liquid is drained back through to 

the pulmonary circulation and not, as it was long believed, removed by the lymphatic 

system.101 Na+-K+-ATPase is a membrane protein composed of α- and β-subunits where 

the α1-isoform is predominant in most tissues, including the lung.102 Its decisive role in 

lung liquid clearance has been shown in functional studies using the antagonist oubain 

in both isolated rat lung and an in situ sheep preparation.103-105 The clearance rate 

decreases with about 90% in both animal models after oubain administration.  

The amiloride sensitive epithelial sodium channel (ENaC) constitutes the rate-limiting 

step in perinatal lung liquid reabsorption.106 The channel is a heteromeric protein 

composed of three subunits – α, β and γ.107 All three ENaC subunits are expressed in 

ATI and ATII cells.97,108,109 The temporal expression pattern of the three subunits during 

lung development varies in different studies, but all indicate a clearly non-coordinated 

expression in rat  as well as in mouse.110-113 The spatial expression pattern is also 

markedly different between the subunits. When α-subunit mRNA is largely prevalent 

over β in adult rat trachea, the nasal gland acini and ATII cells, similar levels of 

expression of α- and β-subunits are detected in bronchiolar epithelium and nasal gland 

ducts.114,115 The expression of the α-subunit in human nasal tissue is predominant over β 

and γ, while a more even distribution can be found in the bronchus and peripheral part 

of the lung.116 Even though small currents arise when the α-subunit is expressed alone, 

co-assembly of all three subunits is necessary for maximal channel activity, which in 

turn is directly correlated to channel expression.107,117,118 

ENaC α subunit knockout mice die shortly after birth from respiratory distress due to 

failure of lung liquid clearance, while loss-of-function mutations for β- and γ-ENaC 

render surviving animals, but with an impaired ability for lung fluid reabsorption 

resulting in slower lung fluid clearance.119-121 However, a recent study has shown that 

the β- and γ-subunits, but not the α-subunit, are essential for fluid absorption induced by 

pulmonary edema fluid.122 A normal β-ENaC expression also seems to be required for 

an adequate response to stimulation of lung liquid absorption by β2–agonists.123 This 

indicates that β- and γ-ENaC may be important for modulation of lung liquid absorption 

in response to various stimuli. Blockage of ENaC by instillation of the antagonist 

amiloride into the trachea of newborn guinea pigs renders an attenuated lung liquid 
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reabsorption resulting in respiratory distress.124 It has also been demonstrated that low 

pulmonary levels of α-, β- and γ-ENaC mRNA during the first hours of postnatal life are 

associated with respiratory distress syndrome (RDS) in the newborn.125,126 

At least four members of the aquaporin family of water channels (AQP) 1, 3, 4 and 5 

are also expressed in the lung.127 The AQPs constitutes a family of 12 related proteins in 

mammals. They are all relatively small integral membrane proteins which function as 

selective, bidirectional water transporters driven by osmotic gradients primarily created 

by the active ion pump function of Na+-K+-ATPase. AQP1 is expressed in the capillary 

endothelium while the others are found in the airway epithelia. The temporal expression 

of AQP1 and AQP4 peaks immediately after birth, while there is a postnatal gradual 

increase in AQP5.128,129 It has been established that AQP1 is a determinant of 

pulmonary vascular permeability, both through knock-out experiments and studies on 

patients lacking the protein.130,131 Additional knock-out of both AQP4 and AQP5 is 

associated with a pronounced decrease in airspace-to-capillary water permeability.132 

The pH-sensitive AQP3 significantly decreases its water permeability when exposed to 

extracellular acidification which could imply a role in the attenuated fluid clearance in 

acidotic newborns.133 However, the physiological role of AQPs in perinatal reabsorption 

has been questioned because of little effect on the actual lung liquid clearance at birth as 

well as on the lethality in the animal knock-out models. One decisive difference 

however, between the rodent and the human, is that lung epithelium in man appears to 

be much less leaky than that in the rodent.134 This makes it probable that the importance 

of a proper aquaporin function is much more important in the human than in the rodent. 

A possible role for Cl- in cAMP mediated fluid absorption has been highlighted in 

recent years. It has been suggested that Na+ transport is dependent on initial Cl- uptake 

and that β-agonists enhance epithelial Na+ transport by an acute activation of apical 

chloride channels.72,135 The apically located cystic fibrosis transmembrane conductance 

regulator (CFTR) has been widely studied. Several studies on different pharmacological 

and biomolecular models of CFTR inhibition supports a role in cAMP-mediated fluid 

clearance from the distal airways.136,137 However, since these studies were performed on 

adult rodents, it is unclear to what extent the results can be extrapolated to perinatal lung 

liquid absorption in the human. 
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Recent studies also suggest that basolateral chloride transport via NKCC-1 plays a role 

not only in fetal lung liquid secretion, but also in transepithelial fluid absorption. The 

NKCC-1 antagonist bumetanide has been found to almost completely inhibit distal 

airspace fluid clearance stimulated by elevated endogenous adrenaline plasma 

concentrations at late gestation in a guinea pig model.138 These results are especially 

interesting since they apply well to the situation at human birth. 

 



 

CONGENITAL DIAPHRAGMATIC HERNIA 

Introduction 

Congenital diaphragmatic hernia (CDH) is a birth defect with a prevalence of 1 in 2000-

3000 newborns and accounts for approximately 8% of the known major congenital 

anomalies.139 This means that about 30 newborns per year are diagnosed with CDH in 

Sweden. Survival rates differ heavily between different reports, severity of the disease 

and medical centers, but averages on about 50% with some recent studies however 

reporting survival rates of up to 80-90%.140 The improved results are mainly due to 

better intensive care and delayed surgical repair of the hernia. Despite this, CDH keeps 

being a severe condition accompanied by high mortality as well as high morbidity. 

The disease includes herniation of abdominal viscera into the thoracic cavity through a 

diaphragmatic defect. About 80-85% of the hernias are found on the left side and 10-

15% on the right side. Bilateral defects constitute the remainder. Independent of 

sidedness, three types of hernia are distinguished in humans: the most common 

posterolateral Bochdalek type (70%), the anterior Morgagni type (27%) and the 

centrally located septum transversum type (3%).141,142 The pathophysiology is 

constituted by pulmonary hypoplasia (PH) and an increase in lung vessel resistance, 

resulting in pulmonary artery hypertension (PAH). Hence, the majority of newborn 

CDH patients suffer from heavy respiratory distress at birth. 

Pathogenesis 

Genetics 

In approximately 60% of the cases, CDH is found isolated, without any additional 

congenital defects. Commonly coexisting conditions such as patent ductus arteriosus, 

intestinal malrotation and left heart hypoplasia are considered hemodynamic or 

mechanical consequences of CDH and thus part of a “CDH sequence”. Such conditions 

will not affect the classification labeling of an isolated CDH diagnosis. The remainder, 

about 40% of CDH cases, is classified as non-isolated or syndromic CDH. These cases 
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commonly include additional major malformations in other organ systems, chromosome 

abnormalities or single gene disorders.143,144 By natural reasons, it is not always clear 

cut whether to classify a case as isolated or non-isolated and practice differs somewhat 

between different medical centers.  

Sibling clustering of isolated CDH is relatively rare, but existing. A clustering of about 

1-2% has been reported from empirical case studies. Insufficient diagnostic workup and 

a lack of genetic testing could however contribute to a possible underestimation of the 

actual number of interrelated cases. Still today, we lack larger studies on the possible 

recurrences of CDH cases among families. 

Even though reports of anomalies can be found on nearly all chromosomes, some 

chromosomal regions seem to occur more frequently. A number of the more common 

abnormalities are today regarded as selected “hot spots” and have been assigned an 

Online Mendelian Inheritance in Man (OMIM) number. A few of these selected 

abnormalities will be mentioned below, however it is beyond the scope of this thesis 

introduction to provide a complete discussion on the subject. 

More than 50 different genetic syndromes have up until today been associated with 

CDH.145,146 In syndromes such as Fryns syndrome and Donnai-Barrow syndrome, the 

percentage of CDH affected individuals markedly exceeds that seen in the general 

population making CDH a cardinal feature of the syndrome per se. In others, such as 

Simpson-Golabi-Behmel syndrome and Beckwith-Wiedemann, occurrence of CDH is 

less common, but still with a higher percentage than would be expected. 

About 10% of non-isolated CDH cases display chromosome anomalies.147,148 Common 

forms of chromosomal abnormalities include trisomy 13, 18, 21 and Turner syndrome 

(45, X).149 Trisomy 18 is the most common chromosome anomaly detected in all 

prenatal series of CDH cases. Adding to the above mentioned aneuploidic anomalies, a 

number of structural chromosome abnormalities, such as deletions, duplications, 

inversions and translocations, have been reported in patients with non-isolated CDH. It 

should be stressed that almost all data on chromosome abnormalities in clinical cases of 

CDH derive from standard G-banded chromosome analysis. Several recent reports have 
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suggested that this might lead to important chromosomal abnormalities going 

undetected. It is therefore plausible that new techniques, such as array-based 

comparative genomic hybridization (aCGH) which could detect small genomic 

deletions or duplications, in the future would identify more cases of causative 

chromosomal anomalies. This is a promising development that hopefully will render 

many new insights into the pathogenesis of CDH. 

Pulmonary hypoplasia 

The diaphragm is a mesodermal structure that forms during weeks 4 to 10 of human 

development. It is commonly believed to be fused from four different structures – the 

septum transversum, the esophageal mesentery, the posterolateral coalescences 

(pleuroperotoneal folds) and musculature from the lateral body wall.150 The exact 

etiology of most cases of CDH still remains unknown. Before, it was believed that the 

mechanical compression of the lungs by the protruding abdominal content alone 

induced secondary PH. However, today the general hypothesis stipulates that the 

development of the pulmonary lesion and the diaphragmatic defect are connected and in 

some aspects interdependent. The exact temporal and anatomical relationship is 

however not yet clear. Abnormal lung morphogenesis can be found before the actual 

diaphragmatic hernia has evolved, as well as being induced after having surgically 

created a diaphragmatic hernia in large animal models.151,152 The fact that both the 

contralateral and the ipsilateral lung are hypoplastic suggests that pulmonary 

development in CDH is already impaired before the failure of diaphragmatic 

closure.153,154  

A variety of gross congenital abnormalities apart from pulmonary hypoplasia can be 

seen in the airways of CDH patients. These include e.g. tracheal stenosis, abnormal 

branching of the bronchi, tracheal bronchi and trifurcated trachea.155 On a histological 

level, using morphometric mehods, the lungs from CDH patients display a reduced 

alveolar, acinar and arterial number with the most prominent effect on the ipsilateral 

side of the diaphragmatic defect.156,157 
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A number of different growth factors and branching morphogens have been connected 

to the development of CDH in different animal models, but no single hypothesis has yet 

turned out to be fully convincing. 

When it became clearer that intrinsic pulmonary factors, as opposed to mechanical 

compression, are largely responsible for the development of PH, a clear shift in the 

scientific field occurred. During the last ten years alone, a large number of studies using 

the nitrofen-induced rat model of CDH (see chapter 3) have been performed in trying to 

elucidate whether factors involved in lung bud formation, branching morphogenesis and 

lung growth are affected in the development of CDH and PH. Affected important 

factors include: VEGF, FGF-7, -10, and -18, PDGF, TTF-1, GATA 4 and 6, Shh and 

IGF-I.158-167 Even though many of these results are interesting in themselves, it has often 

been difficult to translate the findings from animal studies to the clinical situation in 

humans. 

The RA pathway is one of the most well-studied pathways. The results from these 

studies have lead to the development of the retinoid hypothesis.168 It was first shown 

that pups born to dams with vitamin A deficient diets develop diaphragmatic hernias in 

25% to 40% of the cases. If vitamin A administration was introduced in mid-gestation, 

the rate of herniation was decreased at the same time as an increase in lung growth and 

partially rescued hypoplasia was achieved.169-171 After these observations, a large 

number of animal studies have confirmed the effects from members of the retinol family 

on diaphragmatic and pulmonary development. Data from a study on a small number of 

newborns with CDH, suggests that retinol and retinol-binding-protein plasma levels are 

decreased by 50% in CDH patients as compared to healthy newborns.172 The RA 

pathway thus represents one of few successful links between animal and clinical studies. 

However, studies on a larger number of CDH patients are not yet available to verify the 

possible clinical importance and outcome of prenatal RA administration. 

The fact that secretion of lung liquid during fetal lung development is essential for 

pulmonary growth and differentiation has been known for many years (discussed in 

detail in chapter 1). 38,39 A decrease in lung liquid production renders marked pulmonary 

hypoplasia, while accelerated fetal lung growth in the form of pulmonary hyperplasia 
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can be achieved by TO, a fetal surgical approach where the amount of lung liquid within 

the developing airways is increased by preventing it from exiting.47,54 The transition 

from secretion to absorption at birth is decisive in enabling a proper gas exchange. 

Hence, lung liquid secretion and absorption are two interconnected and fundamental 

processes in order to establish a normal lung function after birth. Despite this, few 

studies has addressed the hypothesis that lung liquid metabolism could be disturbed in 

CDH. 

In recent years though, some studies on animal models have pointed towards a disturbed 

perinatal function of important pulmonary ion and water channels as part of the 

pathophysiology of CDH. In 2006, Folkesson et al reported that in nitrofen-induced 

CDH in rats, the hypoplastic lungs showed an impaired capacity for lung fluid 

absorption and a decreased expression of α-and β-ENaC, resulting in fluid-filled lungs 

and respiratory distress at birth.173 The expression of AQP5 has also recently been found 

to be decreased in another animal study.174,175 

Pulmonary hypertension 

The increase in lung vessel resistance and the resulting PAH represents a complicated 

clinical problem to treat and counteract in CDH patients. Failure to quickly resolve PAH 

in newborn CDH patients, leads to right-to-left shunting through the fetal shunts or right 

heart failure if the fetal shunts are closed. The development of pulmonary air conducting 

parenchyma and vasculature are tightly interconnected. The airways act as a template 

for pulmonary blood vessel development. As blood vessels increase in size during fetal 

life, they develop a muscle wall that is relatively thick. The muscle thickness is rapidly 

reduced after birth.176 Failure of vascular growth during the critical period of lung 

growth has been shown to contribute to a decrease in alveolar septation and ultimately 

to the lung hypoplasia that characterizes CDH or broncho-pulmonary dysplasia 

(BPD).177 An abnormal lung vasculature is well documented in CDH patients. The total 

size of the pulmonary vascular bed is reduced and the thickness of the adventitia and 

media of the pulmonary arteries are increased with muscular hyperplasia.178-180 The 

nitrofen-induced rat model of CDH also show abnormal muscularization of the large 

and small pulmonary arteries and increased wall thickness as a percentage of the 

external diameter.181,182 
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Notably, VEGF, one of the most potent vascular growth factors, has been found to be 

increased in the lungs of newborn CDH infants.183 The expression of the endotelin-1 

and endotelin A receptors are also upregulated in lungs from human infants as well as in 

the rat model of CDH.184,185 It is also known from clinical practice that CDH patients 

respond abnormally to vasodilators and show bronchopulmonary hyperreactivity.186 

This is supported by studies on the rat model of CDH which shows a decreased 

expression of endothelial nitric oxide synthase (eNOS) and eNOS activity.187,188 These 

factors together, constitute the pathological basis of PAH seen in CDH patients.  

Clinical management 

Prenatal diagnosis is made by maternal ultrasound screening, offered by most developed 

countries today. Left-sided hernias are more readily detected than right-sided ones. The 

overall prenatal detection rate is 59% in European countries. The variation is however 

large, ranging from 30% to 74%.148 The best validated prognostic indicator is the lung 

area to head circumference ratio (LHR), which could be measured by ultrasound or 

MRI.189,190 An LHR of below 1.0 is generally considered severe or extreme, while 

above 1.0 is considered moderate or mild.191 The LHR could be expressed as a relative 

value of the actual patient or related to the population. In the latter case, the LHR of the 

index case is compared to normal values in the population and expressed as a 

percentage of what is the expected LHR.192 Any value falling below 25% is seen as 

severe or extreme, while above 25% indicate moderate or mild disease. Liver herniation 

is also an important prognostic factor.193,194 If the patient presents with liver herniation 

into the thoracic cavity, the clinical condition is denominated “liver-up”. The survival 

rate for a CDH patient with liver-up naturally differs, mostly with regard to LHR, but is 

estimated to be about 50% on average.195,196 

The relative infrequent presentation of infants with CDH makes caring for these patients 

a challenging task. Co-morbidity in the form of additional anomalies does also make the 

therapeutic approaches more complex. Therefore, today no single conclusive 

randomized controlled clinical trial offers a straight forward best practice approach to 

therapeutic management strategies. However, several large clinical centers together with 
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the international CDH Study Group have reported different successful approaches in 

caring for newborn CDH patients. 

It has been shown that significant improvements in survival rates can be achieved by 

centralization of care to a few specialized centers. A recent study from the Canadian 

Neonatal Research Network showed a 90% survival in the centers which cared for at 

least 12 newborn CDH patients over a 22-month peiod.197 A number of 

pharmacological, ventilatory and circulatory strategies is today used around the world to 

counteract the effects of the pulmonary hypoplasia, persistent pulmonary hypertension 

and associated conditions seen among CDH patients. 

Despite the fact that animal studies have suggested the use of glucocorticoids in CDH, a 

recent report from the CDH Study Group did not show any benefits of late prenatal 

glucocorticoid treatment.27-29,198 A large randomized controlled clinical trial to address 

the question is still lacking. 

Several animal and clinical studies have reported a surfactant deficiency in CDH 

lungs.199-203 However, its clinical use has long been debated and smaller studies have 

shown everything from a small positive effect to even an increased risk of mortality.204-

206 Methodological problems in controlling for confounders, the number of patients and 

differing co-therapeutic strategies make the results hard to compare and interpret. 

Hence, the clinical use of surfactant as a treatment for newborn CDH patients is not 

generally supported today. 

Treatment against PAH, is mainly focused on decreasing the pulmonary artery pressure 

by smooth muscle relaxation. Inhaled nitric oxide (iNO), sildenafil, bosentan and 

prostacyclins are all included in the therapies used to induce relaxation of the 

pulmonary arterial musculature.186 The use of iNO is the best studied therapy and 

several reports have shown good effects on counteracting PAH.207,208 

However, a smaller proportion of CDH patients does not respond to conventional 

smooth muscle relaxing agents and thus develop intractable pulmonary hypertension. 

This results in deteriorating right heart function together with an impaired oxygenation 
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and circulation. In 2008, our group published a case of a CDH patient with intractable 

pulmonary hypertension where all conventional anti-hypertensive treatment had failed. 

After intravenous administration of the PDGF receptor antagonist imatinib, pulmonary 

artery pressure gradually decreased and the patient’s clinical condition gradually 

improved.209 

As mentioned in chapter 1, PDGF promotes the proliferation and migration of 

pulmonary artery smooth muscle cells and increased levels are found in adult patients 

with PAH.210,211 It is known from several experimental studies that PDGF antagonists 

can reverse the development of PAH.212,213 Clinical use of imatinib for PAH has been 

limited and successful use in adults has been reported only in case reports.214,215 To our 

knowledge, this was the first time imatinib was used for treatment of PAH in an infant. 

Counteracting the arterial muscle hyperplasia of CDH patients, rather than just 

administering smooth muscle relaxants, hence represents an attractive novel approach to 

PAH management. 

The last resort in the CDH therapeutic arsenal is extracorporeal membrane oxygenation 

(ECMO). ECMO is an invasive treatment based on long-term cardiopulmonary bypass 

which provides both cardiac and respiratory support to critically ill patients. Through 

cannulae, inserted into the patient’s large blood vessels, oxygen desaturated blood is 

withdrawn from a central vein and oxygenated through an artificial membrane 

oxygenator. After heating, oxygen-rich blood is then returned to the patient, either back 

to the venous system (veno-venous ECMO) or to a central artery (veno-arterial ECMO) 

(Figure 3). This cardiopulmonary bypass, together with other life-supporting measures, 

provides for adult and paediatric patients whose organ can no longer serve their 

function. ECMO enables the highly sensitive, hypoplastic lungs of the CDH patient to 

be gently ventilated without high airway pressures and on the same time keeping the 

patient well oxygenated. Patients on ECMO are normally kept awake and only mildly 

sedated. 
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Figure 3. Schematic drawing of a standard ECMO set-up. Oxygen desaturated blood is 
drained from the venous system. The blood is pumped through a membrane oxygenator and a 
heat exchanger before being returned to the patient. Fluids and heparin are administered 
directly into the circuit. Modified from Bartlett, B., private correspondence. 

ECMO is used in neonates suffering from CDH when the cardiopulmonary condition of 

the patient deteriorates despite maximal interventions in the form of conventional 

mechanical ventilatory and pharmacological support. Even if different centres use 

varying protocols, the general entry criteria for neonatal ECMO for respiratory 

insufficiency is a reversible pulmonary disease and an oxygen index (OI) greater than 

40, where 
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for neonatal patients is calculated from relating the inspired oxygen concentration 

(FiO2), mean airway pressure (MAP) and partial pressure of arterial oxygen (PaO2).216 

In a study presented in 2007 by the Extracorporeal Life Support Organization, including 

more than 21,500 patients from all over the world, it was concluded that the overall 

survival rate for CDH patients treated with ECMO amounts to 52%. However, a very 

pronounced intra-clinical centre variation can be seen. Some centres report survival 

rates after ECMO treatment of up to 93% in CDH patients.207 The authors behind the 

report conclude that the improvement in survival is mostly connected to a judicious use 

of ECMO together with an aggressive treatment against the patients PAH. 

Centralization and specialization thus lead to better treatment results. 

As mentioned in chapter 1, fetal pulmonary growth can be achieved by application of a 

tracheal obstruction, hence preventing the produced lung liquid to exit. This was first 

done by using an open technique, where the head and neck of the fetus was exposed and 

partly removed from the uterine cavity by initial laparotomy of the mother followed by 

an incision through the uterus. Today, a minimally-invasive approach is utilized. Here, 

access to the fetus is gained by endoscopic (fetoscopic) instruments. The tracheal 

occlusion is achieved by application of an inflatable balloon, which is retrieved either 

pre- or postnatally. 

In a US randomized trial that was conducted between 1999 and 2001, it was found that 

the survival of CDH patients between a standard postnatal care group and a group 

treated with prenatal TO did not differ significantly (77% and 73%, respectively).54 A 

total of 11 fetuses were treated with TO. It was further shown that the 2-year morbidity 

was comparable regarding severity and types of conditions between the two groups.217 

Some parameters of lung function, such as respiratory system compliance, peak 

expiratory flow and alveolar-arterial oxygen difference were shown to be better in the 

TO group; when other parameters, such as oxygenation index and minute ventilation, 

did not differ.218 The study was critiqued for having included too many patients with a 

potentially good prognosissince the inclusion criteria was LHR < 1.4. It was argued that 
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TO should be aimed at those patients where antenatal diagnosis points towards a 

specifically bad prognosis with the use of standard treatment. 

A European multicenter prospective study was thereafter conducted with the intention 

to treat a more severe subset of patients with liver herniation and LHR < 1.0. Initially a 

survival rate of 48% was reported to be compared to the survival of 8% in a comparable 

group where fetal intervention was declined.219 The study is still ongoing and results on 

especially morbidity are not yet presented. However, at 1-year follow-up, no apparent 

developmental problems could be detected. Even though the clinical benefits from TO 

still remain unclear, it seems probable that the technique will be a part of the treatment 

arsenal also in the future – especially as even more specific treatment indications are 

being developed. 

 



 

 

MATERIALS & METHODS 

Animal models 

All animal experiments were performed according to “The principles of laboratory 

animal care” (NIH publication No. 86-23, revised 1985) and the Swedish Law on the 

Protection of Animals. The animals were kept under standardized temperature, light and 

humidity conditions and given food and water ad libitum. 

Nitrofen-induced pulmonary hypoplasia with congenital diaphragmatic hernia 

To create hypoplastic lungs with CDH, pregnant timed Sprague-Dawley rat dams 

(Scanbur, Sweden) were given 100 mg nitrofen (Fluka, Germany) dissolved in 1 ml of 

olive oil by gavage on gestational day 9.5 181. Control dams were given olive oil only. 

On gestational days E18 and E21 (paper I) and E17, E19 and E21 (paper II, III) 

respectively, the rats were anesthetized by intra-abdominal pentobarbital and the fetuses 

were removed. Newborn rats were harvested post partum on day P2 (paper I). The 

sternum of the fetuses was removed under a dissecting microscope, and the lungs were 

harvested. In the nitrofen exposed rats, the status of the diaphragm was evaluated under 

the dissecting microscope in order to establish presence or absence of a diaphragmatic 

hernia and the lungs were weighed in order to calculate the lung weight/body weight 

ratio. The lungs were then immediately frozen and stored at -78°C. 

The nitrofen (2,4-dichlorophenyl-p-nitrophenyl ether) model has been used for more 

than 20 years to simulate CDH in rodents. Even though nitrofen has been used 

extensively in agriculture as a herbicide, no etiological role for CDH in humans has 

been found. The type and location of the diaphragmatic defects as well as the 

development of pulmonary hypoplasia, pulmonary hypertension and cardiac defects all 

closely resembles the human condition of CDH and thus approximates the disease to a 

high degree.181,220,221 Our group, together with several others, have shown that when 

nitrofen is administered to pregnant rat dams, about 60-70% of the offspring will 

develop CDH and 100% will develop pulmonary hypoplasia (Figure 4). The wet lung 
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weight/body weight ratio is decreased by about 50% in the nitrofen-exposed group as 

compared to controls. 

The exact teratogenic mechanism with which nitrofen exerts its effect is not yet fully 

understood. However, an effect through the retinoid signaling pathway or possibly 

through the thyroid signaling pathway represents the most well-studied mechanisms 

today. Administration of RA to nitrofen-treated lung explants as well as simultaneous 

vitamin A treatment to nitrofen-exposed pregnant rat dams, have both showed improved 

lung maturation with an increase in lung growth and partially rescued hypoplasia.169-171 

The frequency of hernias in the nitrofen-exposed fetuses was also reduced after vitamin 

A treatment, resulting in about 10% hernias after long-term treatment.222 The idea of a 

possible nitrofen mechanism through the thyroid pathway was first raised by 

identification of structural similarities between nitrofen, triidothyronine (T3) and 

thyroxine (T4), all three of them being halogenated diphenyl ethers. Even though many 

studies have been performed to evaluate this hypothesis, no conclusive relationship 

between the thyroid signaling pathway and lung and diaphragm development has been 

established. 

The nitrofen model is still considered the best model available, especially since the 

timing of the developmental insult is similar to that in humans. One obvious 

disadvantage however, is the lack of a clear effect from the herbicide in the 

development of human CDH, connecting the animal model to the human condition. 
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Figure 4. The nitrofen rat model. Pictures show fetuses at gestational day 21 after removal of the heart-
lung package. (A) shows a control fetus. (B) represents a left-sided congenital diaphragmatic hernia, 
while a right-sided diaphragmatic hernia is displayed in (C). 

Pulmonary hyperplasia induced by tracheal occlusion 

Fetal hyperplastic lungs were created by intrauterine TO (paper II). Sprague-Dawley 

rats were anesthetized on gestational day 19 by intra-abdominal pentobarbital. 

Laparotomy was performed during sterile conditions. One fetus in each uterine horn 

was manipulated. Under a dissecting microscope, a small uterine incision was made 

over the upper part of the fetal head. The head and the neck were thereafter exteriorized. 

A midline cervical incision on the fetus was made by bipolar electrocautery. The trachea 

was mobilized by blunt dissection on either side and was 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 the uterus was closed by an 8-0 prolene suture. Ritodrine 5 mg/ml 

was dripped over the uterus during the fetal procedure to prevent contractions. Finally, 

the maternal abdomen was closed. On gestational day 21, the rat was anesthetized by 

intra-abdominal pentobarbital, and the abdomen was opened. The surviving 

manipulated fetuses were removed together with the same number of control fetuses. 

The lungs were harvested and treated as described above. The lungs from manipulated 

fetuses were harvested only if a clear pulmonary hyperplasia was seen in the 
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microscope and thereafter weighed in order to calculate the lung weight/body weight 

ratio. 

The TO rat model was established by Kitano et al in 1998.223 His group could show that 

it was possible to obtain more than a two-fold increase in wet as well as dry lung 

weight/body weight ratio after TO and that the procedure could be executed in both 

CDH affected and normal rodent lungs. Biochemical and cellular analyses also showed 

that TO increases the total DNA and total protein content as well as induces ATI cell 

maturation.51 Additional studies have shown increases after TO in lung volume, total 

saccular surface area, total saccular number as well as radial saccular count.163,224 

Growth factors, such as insulin growth factor 1 and keratinocyte growth factors, have 

also been shown to be increased after TO.225,226 The timing of the occlusion is crucial 

and rather specific. Premature ligation, during the pseudoglandular stage (E18), renders 

a much weaker growth than later application, at the canalicular stage (E19). See figure 5 

for a comparison of the effect on pulmonary growth between nitrofen-induced 

hypoplastic lungs and TO-induced hyperplastic lungs. Figure 6 displays the difference 

in lung weight/body weight ratio between the hypoplastic CDH group and the 

hyperplastic TO group. 
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Figure 5. The TO rat model. Pictures show fetuses at gestational day 21. (A) shows a control fetus. (B) 
represents a left-sided congenital diaphragmatic hernia with herniation of abdominal content into the 
thoracic cavity and hypoplastic lungs. (C) displays hyperplastic lungs after tracheal occlusion performed 
at gestational day 19. 
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Figure 6. Rat fetuses on gestational day 21. (A) shows a control fetus. (B) displays a nitrofen-induced 
CDH fetus with pulmonary hypoplasia. Note the small and compressed lungs in the cranial part of the 
thoracic cavity with a displaced, herniated liver in the caudal part. (C) shows a fetus after 48 h of 
tracheal occlusion. The lungs are hyperplastic with a marked increase in size and volume. The lung 
weight/body weight ratio in control vs. nitrofen-exposed hypoplastic CDH lungs (D) and control vs. TO-
induced hyperplastic lungs (E). Values are shown as mean ± SEM. * - significant difference compared to 
control. P < 0.01. 
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Patient material (paper IV) 

The study was approved by the Regional Ethics Board on Human Research of 

Stockholm. Informed parental consent was obtained at enrollment of each patient. 

The study involved 20 newborn infants requiring intubation and mechanical ventilation 

and/or ECMO treatment admitted to the pediatric intensive care/ECMO unit at Astrid 

Lindgren Children’s Hospital at Karolinska University Hospital (Stockholm, Sweden) 

during the period from May 14, 2007 to November 17, 2008. During this period, all 

newborn infants with CDH requiring intubation, as well as all cases of newborn infants 

with healthy lungs, but with immediate postnatal requirement of intubation for surgical 

intervention, were included.  

Patients with no pulmonary disease, but in need of immediate intubation and 

mechanical ventilation (n = 8) were assigned to a control group. These included patients 

with gastroschisis (n = 4), omphalocele (n = 2), trisomy 18 (n = 1) and transposition of 

the great arteries (n = 1). Patients with an X-ray confirmation as well as intra-operative 

confirmation of a hernia were included in the CDH group. The gestational age of the 

infants was calculated from the mother’s menstrual history and was confirmed by 

ultrasonography. No pre- or postnatal steroids were administered to any of the included 

patients. 

Tracheal aspirate (TA) samples were collected during clinically indicated suctioning of 

the airway. One TA sample was collected from each control patient at postnatal age of 

18 [2-35] h.  Two TA samples were collected from each CDH patient, at postnatal age 

of 18 [5-30] and 43 [25-55] h. To collect the samples, a method described by Ekekezie 

et al was used.227 In short, sterile isotonic saline (1 mL) was instilled into the 

endotracheal tube followed by 3 manual breaths. Thereafter, suction was applied at 

about 80 cm H2O and the effluent was collected in a Leukens trap. For protein 

expression analysis, the TA samples were frozen immediately after collection and stored 

at -80°C. 

There are several direct and indirect methods to obtain material for analysis of protein 

expression patterns in the perinatal lung, each with its own advantages and 
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disadvantages. Autopsies from deceased fetuses have been used to measure protein 

expression from the actual lung tissue.228 Except for being ethically complicated and 

suffering from case selection bias, this method lacks the possibility of collecting well-

timed samples for measurement. Another possibility in the case with CDH patients 

would be intra-operative biopsies during hernia repair. Removing a piece of an already 

growth retarded lung would, however, be neither clinically nor ethically acceptable. 

Broncho-alveolar lavage (BAL) has become a routine procedure in the adult and 

pediatric population, but the technique is rarely practical for use in neonates or young 

infants. In CDH especially, it would not be advisable because of the extreme broncho-

pulmonary hyperreactivity of the patients. 

Our study was performed on TA samples. In ventilated neonates, TA is generally used 

for analysis of broncho-alveolar constituents. 229-231 Even though some reports indicate a 

more proximal origin of TA compared to BAL, several studies conclude that TA 

specimens have equal validity in predicting the outcome of the measured variables and 

may be used as a substitute for BAL. 232-234 

Western Blotting 

Membrane fraction of the lung tissue was prepared by differential centrifugation. A pair 

of fetal rat lungs were homogenized in 0.5 ml ice-cold homogenization buffer (Sucrose 

300 mM, Imidazole 25 mM, EDTA 1 mM, pH 7.2) supplemented with “Complete” 

protease inhibitors according to manufacturer’s protocol (Roche Diagnostics GmbH, 

Mannheim, Germany). The homogenized samples were spinned down at 4,000 g for 10 

min at 4°C. The supernatant was centrifuged at 100,000 g for 1h at 4°C, the pellets 

resuspended in 250 µl of homogenization buffer with protease inhibitors and mixed (3:1 

v/v) with Laemmli 4x buffer (Tris-base 248 mM, sucrose 40%, SDS 8%, 2-

mercaptoethanol 20%). The mixture was then heated for five minutes at 100°C and 

thereafter cooled on ice. The total protein concentration in the samples was measured 

using RC DC protein assay (Bio-Rad, Hercules, CA). The samples were resolved on 8% 

or 10% polyacrylamide gels using SDS-PAGE (10 µg per well). After electrophoresis 

the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane 
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(Hybond-P, Amersham Bioscience, Bucks, UK). For immunodetection, the membranes 

were blocked in 5% non-fat dry milk in PBS-T (NaCl 100 mM, Na2HPO4 80 mM, 

NaH2PO4 20 mM, 0.1% Tween-20) for 1 h followed by 1-h incubation with primary 

antibodies diluted in PBS-T. After washing, the membranes were incubated with 

corresponding secondary antibodies (GE Healthcare, Buckinghamshire, UK) and 

washed again. The signal was detected using ECL Plus Western blotting analysis 

system (Amersham Pharmacia Biotech, Piscataway, NJ). After immunodetection, the 

PVDF membranes were stained with amido black (staining: amido black-10B [Bio-Rad, 

Hercules, CA], 0.1% wt/vol; methanol, 10% vol/vol; and acetic acid, 2% vol/vol; 5 min 

at RT; destaining: methanol, 45% vol/vol; acetic acid, 7% vol/vol; three to four times 

for 5 min each). 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. 

Quantitative RT-PCR 

A quantitative real-time reverse transcriptase-polymerase chain reaction (RT-qPCR) 

approach following the Power SYBR® Green PCR Master Mix and RT-PCR protocol 

(Applied Biosystems, Foster City, CA) was used. Total RNA was subjected to DNase 

treatment and the first-strand cDNA was synthesized with an oligo (dT) primer using 

Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA). The resulting cDNA was 

then amplified by using gene-specific primers (Table 2). GAPDH primers were used as 

housekeeping gene control. 25 ng of cDNA was labeled with 5 μl of Power SYBR® 

Green PCR Master Mix + RT Reagents, and 5 μmol of each primer was added. The 

reactions were carried out in an Applied Biosystems 7300 Real-Time PCR System with 

the following PCR conditions: activation 95°C for 10 minutes followed by a two-step 

40x cycling denaturation and primer annealing and extension step – 95°C for 15 sec and 

60°C for 60 sec, respectively. 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 determined using the [∆][∆]Ct method with expression levels of 

the respective mRNAs normalized to GAPDH and geometric means calculated. 
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Gene Sequence (F) Sequence (R) 

Egr1 GAACAACCCTACGAGCACCT GGGTAGTTTGGCTGGGATAA 

Tgfbr2 GAGGACGGCCTGAAATCC CTCACACACGATCTGGATGC 

Cliq4 GCCCAAGCTTCACATTGTC TCATGCCTTTGGGAATGTC 

Scnn1 CCCAAGGGAGTTGAGTTCTG AGGCGCCCTGCAGTTTAT 

Kcnj8 GAAAGGCATCACGGAGAAGA TGGAGAAGAGAAACGCAGAAG 

Aqp4 TGGGAGGATTGGGAGTCA TGAATACCAGCTGGAAAGTGATT

Edg5 CTCCGCCTTCATCATCATTT TGCGATTAGCACCAGAAGG 

GAPDH TCAAGAAGGTGGTGAAGCAG AGGTGGAAGAATGGGAGTTG 

Table 2. Quantitative real time PCR primers used for analysis. 

 

Oligonucleotide microarray 

RNA isolation and hybridization 

The assays were performed in biological triplicates, using three separate mRNA 

preparations from three hypoplastic-CDH lungs after Nitrofen and three mRNA 

preparations from three normal non-manipulated fetal lungs. Total RNA from lungs was 

extracted using Trizol (Invitrogen Life Technologies, Carlsbad, CA) and further purified 

by RNeasy kit (Quiagen, Valencia, CA). 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 (Affymetrix Inc., Santa Clara, CA). 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 using the 

Rneasy Mini Kit (Quiagen). A total of 20 μg purified cRNA was fragmented and 

hybridized to the Affymerix RAE 230 set chip arrays according to the instructions from 

the manufacturer. The Affymerix RAE 230 set chip arrays contains approximately 

28,000 well-substantiated rat genes, 30,200 transcripts and variants represented on 

31,000 probe sets. After extensive washing, the arrays were stained with 

streptavidinphycoerythrin followed by a second staining with biotin-labeled anti-
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streptavidin antibody and a repeated streptavidinphycoerythrin staining to detect bound 

cRNA.  Fluorescence intensities were determined using an Affymetrix scanner. 

Data analysis 

Scanned output files of Affymetrix microarrays were visually inspected for 

hybridization artifacts 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, 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, 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. We then selected those genes whose expression was significantly 

changed between samples. 

Immunohistochemistry 

Sections were deparaffinized and washed. Epitope retrieval was performed using Diva 

(Biocare, CA, US) in a high-pressure boiler. For the PDGF-BB staining TE buffer pH 9 

was used for antigen retrieval instead of Diva. After retrieval sections were washed with 

TBS and blocked with Background sniper (Biocare, CA, US). All stainings were 

performed with Mach 3 probe and polymer systems (Biocare, CA, US). TBS was used 

for all washing steps. Vulcan Fast Red was used for detection (Biocare, CA, US). The 

sections were counterstained with hematoxylin, dehydrated in increasing concentrations 

of ethanol followed by xylen, and mounted in pertex (Histolab, Gothenburg, Sweden). 

35  



 

36  
 

 



 

RESULTS AND DISCUSSION 

The results of papers I-V are summarized below. Please see the appended papers and 

manuscripts for full details. 

Expression of NKCC-1, ENaC and Na+, K+-ATP-ase (study I) 

In recent years, several studies on animal models have pointed towards a disturbed 

perinatal function of important pulmonary ion and water channels as part of the 

respiratory distress seen in CDH. In 2006, Folkesson et al reported that in nitrofen-

induced CDH in rats, the hypoplastic lungs showed an impaired capacity for lung fluid 

absorption and a decreased expression of α-and β-ENaC, resulting in fluid-filled lungs 

and respiratory distress at birth.173 A recent study did also show that aquaporin 5 was 

decreased in CDH in late gestation.174 During our studies, we have also observed an 

obvious dyspnea and bubbles of liquid coming out of the mouths of rat fetuses with 

hypoplastic lungs and CDH, which have been allowed to be born vaginally 

(unpublished data). This further strengthens the notion of an impaired ability for lung 

liquid clearance in newborn CDH fetuses. 

To examine further the hypothesis that the poor lung function in CDH could be 

connected to an affected ability for perinatal lung fluid clearance, we investigated 

whether the protein expression of NKCC-1, ENaC and Na+, K+-ATP-ase, which play 

major roles in these processes, was changed during late gestation and near-term in a rat 

model of CDH. We also examined the ontogeny of these channels in control rat lungs in 

order to establish their developmental expression pattern.  

Pregnant rat dams were given nitrofen on gestational day 9.5 to induce CDH. The 

fetuses were then removed on gestational days E18 and E21. In addition, newborn 

control rats with healthy lungs were harvested post partum on day P2. The fetuses were 

put into one of three groups: controls, hypoplastic lungs without CDH (N-CDH) and 

hypoplastic lungs with CDH (N+CDH). We used semiquantitative immunoblotting to 
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analyze the protein expression levels of NKCC-1, α-/β-ENaC and Na+, K+-ATP-ase in 

the lungs. 

We found that the normal protein expression of NKCC-1 in controls was significantly 

increased just before birth, on E21, compared to E18 and P2. This is the gestational time 

when the lung initiates the transition phase from secretion to absorption and a change 

during this developmental stage indicates a possible important role in lung liquid 

clearance. We also found that the protein levels of NKCC-1 on gestational days E18 and 

E21 were significantly lower in fetuses with N+CDH as well as N-CDH compared to 

controls. Importantly, the decrease was more pronounced towards the end of gestation, 

near birth (Figure 6A, B, C). 
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Figure 7. Protein expression of NKCC-1 and β-ENaC in rat lung tissue. (A) NKCC-1 expression in normal 
lung. E18 and E21 - gestational days 18 and 21 respectively, P2 - postnatal day 2. Protein expression of 
NKCC-1 in nitrofen-exposed fetuses with (N+CDH) and without (N-CDH) a concurrent diaphragmatic 
hernia on gestational day 18 (B) and 21 (C). Protein expression of β-ENaC on gestational day 21 in 
control and in nitrofen-exposed fetuses with and without a concurrent diaphragmatic hernia (D). Each 
group includes samples from 6 pups coming from one dam. Values are shown as mean ± SEM. * - 
significant difference compared to the previous age group, ** - significant difference compared to 
control. P < 0.001. 

NKCC-1 was investigated since recent data have suggested that absorption of lung 

liquid near-term includes not only Na+ but also Cl- transport.72 This notion was recently 
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further supported when it was shown that the NKCC-1 antagonist bumetanide 

completely inhibits the distal airspace fluid clearance stimulated by elevated 

endogenous adrenaline plasma concentrations in late gestation.138 

The role of NKCC-1 in fetal lung liquid secretion has been described in detail above 

(see chapter 1). A significant decrease in hypoplastic lungs already at E18, indicates a 

possible relationship between the development of lung hypoplasia and a down-

regulation of NKCC-1. It is known from NKCC-1 null mice studies that NKCC-

dependent chloride secretion plays an important role in fetal lung liquid secretion during 

development, but that other mechanisms could partly compensate for the loss of the 

NKCC-1.66,235 How these results should be viewed in the light of lung development in 

the CDH model is, however, open for discussion. It is possible that the “readiness” of a 

developing lung by early up-regulation of alternative transporters in a knock-out model 

represents a different situation than that in our animal model, which is created by giving 

a teratogen later on during mid-development. Another aspect is the co-existing 

diaphragmatic hernia in CDH which in itself contributes to the development of 

pulmonary hypoplasia.152 It is plausible that this additional stress leads to a more 

vulnerable lung which in turn is more easily affected by lung liquid disturbances.  

The contractility of airway smooth muscle and the resulting release of mitogenic factors 

is also important for lung growth.59,61,62 NKCC-1 is interesting in this context, because it 

has been shown to play a role in lung cellular proliferation. It has been shown that 

inhibition of NKCC-1 by bumetanide suppresses the growth of human bronchial smooth 

muscle cells and normal human lung fibroblasts in vitro.236 NKCC-1 also activates 

mitogen-activated protein kinase in fibroblasts and is itself stimulated by FGF.237,238 

Notably, hypoplastic lungs show remedial growth when treated with FGF.159,239 

Considering our results that NKCC-1 is significantly decreased in CDH-affected 

hypoplastic lungs, it could be speculated that NKCC-1 plays a role in normal lung 

growth not only by being a chloride transporter taking part in secretion, but also through 

a more direct mitogenic effect. 

Further, we could show that the expression of β-ENaC did not exhibit any major 

temporal differences in normal lungs perinatally, while α-ENaC showed a gradual 

39  



 

increase. Our data on protein expression, thus support earlier gene expression studies 

showing a clearly non-coordinated spatial as well as temporal gene expression pattern 

for the different subunits of ENaC.110-115 The expression of ENaC β-subunit in the 

nitrofen-treated animals was significantly decreased just before birth on gestational day 

21 (Figure 6D). Notably, the down-regulation was more pronounced in hypoplastic 

lungs with a diaphragmatic hernia than without. The protein levels of α-ENaC and 

Na/K-ATPase were not found to be significantly decreased, but both showed a tendency 

towards down-regulation. 

Co-expression of all three ENaC subunits is necessary for maximal channel activity.107 

α-ENaC knock-out mice die within 2 days of birth, unable to clear the fetal lung fluid, 

while β-ENaC null mice survive. An impaired, but non-fatal lung fluid clearance can be 

seen in the latter, which suggests a regulatory role for the β-subunit on lung fluid 

clearance.120 A normal β-ENaC expression does also seem to be required for an 

adequate response to stimulation of lung liquid absorption by β2–agonists.123 This 

finding is especially interesting in the light of a study reporting that, in contrast to 

normal lungs, CDH affected hypoplastic lungs near-term do not react normally to 

elevated adrenaline levels.173 

Basolateral and apical chloride channels in normal, hypoplastic and 
hyperplastic lungs (study II) 

In order to further investigate the role of Cl- channels in pulmonary development, we 

designed an animal study to compare the expression of important basolateral and apical 

chloride channels in healthy normal lungs together with both growth-retarded 

hypoplastic lungs and growth-induced hyperplastic lungs. 

The fact that NKCC-1 is the primary basolateral Cl- entry pathway in airway epithelia 

and that it plays a role in lung liquid production and pulmonary growth has been 

discussed in detail above. The activity of NKCC-1 is coupled to an apical Cl- exit 

pathway, responsible for the efflux of Cl-. The nature of this exit pathway is though still 

poorly understood. In this study we hypothesized that ClC channels might represent the 

apical component for Cl- secretion and that these channels would be affected in growth-
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retarded hypoplastic CDH lungs. To contrast this, we also hypothesized that ClC 

channels would be affected in TO-induced hyperplastic lungs. We also wanted to 

examine the ontogeny of the ClC channels in normal fetal lung tissue. Since three 

specific members of the CLC family – ClC-2, -3 and -5 – are known to be localized to 

the apical membrane of fetal respiratory epithelium, we chose them as possible 

candidates for being mediators of fetal apical Cl- secretion.77-80 

Pregnant rat dams were given nitrofen on gestational day 9.5 to induce pulmonary 

hypoplasia of the fetuses. The fetuses were then removed on gestational days 17, 19 and 

21. Fetal hyperplastic lungs were created by intrauterine tracheal occlusion (see chapter 

3). The protein expression of ClC-2, -3, -5 and NKCC-1 were then analyzed using 

Western blot. 

We found that the temporal protein expression of ClC-2 in a normal lung gradually 

increases with gestational age, showing significant up-regulation between the three 

gestational days analyzed. We also concluded that the protein expression levels of ClC-

2 in nitrofen-induced hypoplastic CDH lungs was significantly decreased just before 

birth, on gestational day 21, when the expression levels in a normally developed lung 

peaked. In contrast to the growth retarded lungs of the CDH model, we found a 

significant upregulation of ClC-2 protein expression in TO-induced hyperplastic lungs. 

Further, we could demonstrate that the protein expression of ClC-3 in a normal fetal 

lung was significantly upregulated between gestational days 17 and 19, but showed no 

further increase between at the end of gestation. In hypoplastic CDH lungs, the 

expression of ClC-3 showed a pattern similar to that of ClC-2, with a significant down-

regulation on gestational day 21, but only a tendency towards downregulation in the 

TO-induced hyperplastic lungs without statistical significance. 

The protein expression of ClC-5 in the growing lung fluctuated and showed no pattern 

of being developmentally regulated. On gestational day 21, no significant difference 

could be found between the protein expression of ClC-5 in either hypoplastic or 

hyperplastic fetal rat lungs in comparison to controls. 
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Since we had shown in Study I that the protein expression of NKCC-1 is upregulated 

between days 18 and 21 of gestation in a normal fetal lung, and that the expression level 

is significantly reduced in nitrofen-induced hypoplastic CDH lungs, we expected an 

upregulation in our model of TO-induced hyperplastic lungs. However, we were not 

able to detect any statistically significant increase, even though there was a tendency 

towards upregulation. 

Factors mediating the changes in ClC-2 and ClC-3 protein expression in the CDH and 

TO models remain to be identified. As was discussed in more detail above, stretching of 

the developing airways by lung liquid distension and FBMs, promotes lung growth and 

cell proliferation.59 This is in part mediated by stretch-sensitive release of mitogenic 

factors and by an upregulation of early response genes via the MAP kinase pathway.60-62 

The degree of pulmonary stretch is markedly increased by the TO-procedure by 

“trapping” lung liquid within the developing airway lumen and thus increasing the 

distension forces. This has been shown to affect the expression of a number of genes, 

including activation of transcription and growth factors important for lung 

development.163,240,241 

The important pulmonary growth factors FGF and KGF are likely regulatory candidates. 

KGF, whose release is stretch-sensitive, is upregulated by TO in CDH lungs and it has 

been demonstrated to be a potent stimulator of ClC-2 expression in fetal rat distal lung 

epithelial cells.226,242 Similarly, FGF which is known to be downregulated in nitrofen-

induced CDH lungs, is also a potent enhancer of the contraction rate and growth of 

airway smooth muscle as well as an inducer of remedial growth if administered to 

hypoplastic lungs.61,159,239 It is plausible that FGF down-regulation in CDH and a 

stretch-induced release of KGF in TO induce the changes in ClC-2 and ClC-3 

expression that translate into the changes in Cl- secretion affecting lung tissue growth in 

these conditions. Another potential regulator of ClC expression is TGF-β, a well-known 

negative regulator of lung development.243 Interestingly, it was recently reported that 

TGF-β1 induces apoptosis of human bronchial epithelial cells via inhibition of ClC-3-

like chloride currents in bronchial epithelial cells.244  
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We could not find any steady changes in ClC-5 expression during gestation. Neither did 

we observe any changes in ClC-5 expression in the hypoplastic CDH lung nor the 

hyperplastic lung after TO. Our results thus indicate that ClC-5 does not play a major 

role in normal lung development or in pulmonary hypoplasia in CDH. It should also be 

mentioned that there has not been much published in recent years about the role of ClC-

5 in the lung, pointing towards a majority of negative results in launched studies. This 

strengthens our notion of a minor role in pulmonary development and function for the 

channel. 

Genetics of the nitrofen rat model (study III) 

The herbicide nitrofen is well known to induce CDH and lung hypoplasia in rats and is 

today the most widespread animal model to study the disease (see chapter 3). However, 

the exact mechanism still remains unknown. In order to increase the understanding of 

the underlying pathogenesis of CDH, we performed a global gene expression analysis 

using microarray technology to further elucidate involved gene pathways. 

Pregnant rat dams were given 100 mg nitrofen on gestational day 9.5 to create CDH. As 

controls we used non-manipulated fetuses. On day gestational day 21, all fetuses were 

removed and the lungs were harvested. Genome-wide expression analysis was 

performed with the Affymetrix GeneChip® platform using the Rattus norvegicus RAE 

230 set microarrays. For validation of microarray data we performed quantitative real-

time PCR, combined with Western Blot analysis for validation of protein expression 

levels. 

We investigated and compared a total of 15,926 transcripts. More than 10,500 

transcripts were not changed between the two groups. Ribosomal proteins, which were 

increased in most comparisons, were excluded. 38 transcripts were significantly 

decreased in 8 or 9 of all comparisons, while 24 genes showed a decreased expression 

level in all 9 comparisons. 

The downregulated genes could be grouped according to their biological function. The 

transcripts include several ligands and receptors to growth and transcription factors; ion 

and water channels and factors related to vascular development and function (Table 3). 
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Notably, most of these proteins are known or believed to play important roles in normal 

pulmonary growth and development. 

In order to fully interpret the results of the gene analysis, the reader is advised to have 

read chapter 1 of this thesis, dealing with basic pulmonary development and growth. A 

summary and short discussion of the most interesting findings related to the 

development of pulmonary hypoplasia and CDH will follow. 
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Gene Symbol Gene Title 

FGF Family   
Fgfr12 Fibroblast growth factor receptor 1 
Fgfr2 fibroblast growth factor receptor 2 
Fgfr3 fibroblast growth factor receptor 3 
TGF Superfamily 

Tgfb1i1 transforming growth factor beta 1 induced transcript 1 
Tgfb3 transforming growth factor beta 3 
Tgfbr2 transforming growth factor beta receptor II 
Tgfbr3 transforming growth factor beta receptor III 
Vegfa vascular endothelial growth factor A 
Transcription Factors 

Foxq1 HNF-3/forkhead homolog-Q1 
Rara retinoic acid receptor alpha 
Egr1 early growth response 1 
Water transport   
Aqp1 aquaporin 1 
Aqp4 aquaporin 4 
Ion Transport   
Clic4 chloride intracellular channel 4 
Clcn7 chloride channel 7 
Scnn1a sodium channel nonvoltage-gated type I alpha polypeptide 
Scnn1g sodium channel nonvoltage-gated 1 gamma 
Scn3b sodium channel voltage-gated type III beta 
Kcnc3 potassium voltage gated channel Shaw-related subfamily member 3 
Kcnj8 potassium inwardly-rectifying channel subfamily J member 8 
Kcnj15 potassium inwardly-rectifying channel subfamily J member 15 
Cacna1d calcium channel voltage-dependent L type alpha 1D subunit 
Angiogenesis   
Epas1 endothelial PAS domain protein 1 
Rtn4 reticulon 4 
Hyou1 hypoxia up-regulated 1 
Vegfa vascular endothelial growth factor A 
Edg5 endothelial differentiation sphingolipid G-protein-coupled receptor 5 
Regulation vascular tone 

Nos3 nitric oxide synthase 3 endothelial cell 
Agtrl1 angiotensin receptor-like 1 
Agtrap angiotensin II receptor-associated protein 
Glycolisis   
Eno1 enolase 1 alpha 
Hk1 hexokinase 1 
G6pc glucose-6-phosphatasecatalytic 
Miscellaneous   
Timp2 tissue inhibitor of metalloproteinase 2 
Timp3 tissue inhibitor of metalloproteinase 3 
Itga6 integrin alpha 6 
Pld3 phospholipase D3 

 
Table 3. Downregulated gene transcripts in the nitrofen-induced CDH group as compares to 
controls. Genes are grouped according to their biological function. 
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We could show that HNF-3, a critical regulator in the process of lung bud formation, 

was downregulated in our nitrofen-induced CDH model. Interestingly, HNF-3 also 

regulates the transcription of surfactant proteins, whose production have been reported 

to be affected in the nitrofen model as well as in human CDH patients.200,201 Another 

transcription factor – RARα – which is a part of the retinoic acid signalling pathway, 

was also affected. As discussed in chapter 1, part of RAR null mice offspring present 

with different stages of diaphragmatic hernias, lung agenesis and pulmonary hypoplasia. 

These and other animal studies together with patient clinical reports have lead to the 

formulation of the retinoid hypothesis as a possible explanation to the development of 

CDH (see chapter 2). Our results thus support the hypothesis that retinoids play an 

important part in the development of pulmonary hypoplasia and possibly also 

diaphragmatic hernia in the nitrofen rat model. 

Several of the growth factors affected in our study are members of the TGF-β 

superfamily of signalling molecules that play an essential role in the regulation of 

normal physiologic processes such as embryogenesis, cell proliferation and apoptosis. 

TGF-β type I and II receptors and TGF-β1, -2 and -3 peptides are all expressed and 

differentially distributed in the embryonic and fetal lung and they are all crucial for lung 

organogenesis and branching. However, TGF-β regulation of lung development is 

complex with both stimulatory and inhibitory components. It seems as if a delicate 

parenchyma-mesenchyme balance of expression has to be maintained in concert with 

other simultaneously expressed transcriptional factors in order for a proper lung 

development to occur. For instance, predominant TGF-β signal overexpression could 

result in pulmonary hypoplasia. 

The gene transcript expression of TGF-β1 and -3, and TGF-βR II and III were all 

decreased in our study. TGF-β1 is a regulator of lung branching, a process which is 

negatively affected in hypoplastic CDH lungs and TGF-β3 null mice are born with 

immature lungs which shows remedial growth if exposed to corticosteroid treatment.245-

247 On the other hand, several reports indicate that TGF-β2 – as opposed to TGF-β1 and 

-3 – is much more potent as a regulator of early pulmonary pattern formation.248 The 

decrease in TGF-βR II came as some surprise, since it is normally considered a negative 

regulator of cell cycle progression in pulmonary epithelial cells. However, the fact that 
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binding of TGF-βR I to TGF-β requires the presence of TGF-βR II, when TGF-βR II is 

capable of binding TGF-β independently, makes their relationship complex. The 

individual role of TGF-βR III is also yet not clear, even though it is known to be an 

enhancer of TGF-β signalling. Our results hence support the idea of an affected TGF-β 

signaling in the nitrofen CDH model. However, it stands clear that the resulting net 

effect of several simultaneously downregulated members of the TGF-β superfamily, is 

very hard to survey. 

The essential role of FGF signaling in lung development has been discussed extensively 

in the introduction. It is primarily involved in proliferation, differentiation, branching 

and pattern formation during the embryonic stage. We found a decreased expression of 

the three FGF receptors – FGFR I, II and III. The decrease in expression of FGRF II is 

especially important since it is well known that the absence of FGFR II results in total 

abolishment of pulmonary branching morphogenesis.249 The expression of FGF 10, the 

primary ligand of FGFR II, has also been shown to be downregulated in the nitrofen 

model.159 

The decrease in the expression levels of ion and water channels were of particular 

interest to us since we had been working with them in several studies before (see Study 

I and II). To further characterize these changes, we chose to investigate whether the 

decreased gene transcript levels correlated with decreased levels of the corresponding 

protein. AQP1, AQP4 and Kcnj8/Kir6.1 were chosen for protein level analysis with 

Western blot since they represent functionally interesting proteins with possible 

consequences for lung liquid metabolism and pulmonary growth. We omitted 

Scnn1a/ENaC-α and Scnn1g/ENaC-γ from further analysis, since we and other groups 

had previously reported on their protein expression levels in the nitrofen model. 
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Figure 8. (A) Knjc8/Kir6.1 protein expression level was significantly decreased in the CDH group 
compared to control. (B) AQP1 protein expression level was significantly decreased in the CDH group 
compared to control. Values are shown as mean ± SEM. * - significant difference compared to control. P 
< 0.05 

Our study showed that Kcnj8/Kir6.1 and AQP1 protein expression levels were 

significantly decreased in nitrofen-induced CDH lungs compared to controls,  whereas 

the protein expression of AQP4 was almost identical in both groups (Figure 7). 

Several members of the family of inwardly rectifying K+ channels have been shown to 

play important roles in the function of the lung. Among these are lung liquid absorption 

and proliferation and function of small arteries.250 We found a decreased expression of 

several K+ channels – Kcnc3, Kcnj8/Kir6.1 and Kcnj15. Kir6.1 has received specific 

attention in recent years, since it has been shown that inhibition of the channel reduces 

lung liquid absorption across alveolar monolayers to the same extent as amiloride 

does.251 Since the mRNA expression of all three ENaC subunits was decreased after 

treatment with the K+ channel inhibitor, it has been suggested that long-term regulation 

of ENaC by manipulation of K+ channel activity, could be an effective new treatment 

for disorders with an affected lung liquid clearance. The profound role of K+ channels in 

vasodilation, vasoconstriction and shear-sensing of smaller arteries also present novel 

insights in understanding the background and possible therapies to the complicated 

persistent pulmonary hypertension seen in newborn CDH patients.252,253 Indeed, the 

expression of several vasoactive K+ channels were recently found to be downregulated 

in the lungs of the nitrofen model of CDH.254 It is obvious that more clinical data is 

needed to further understand these processes and their therapeutic potential. 
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We could also report a decrease in AQP1 and AQP4 expression. AQP1 is found in the 

capillary endothelium of the lung while AQP4 is localized to the airway epithelia. They 

have both been shown to play a major role in airspace-to-capillary water permeability, 

possibly with a concerted mode of action.130 A decrease in the mRNA levels of AQP5 in 

hypoplastic CDH lungs has also been reported.174 Since most studies have been made in 

rodents, the role of the aquaporins in human lung liquid metabolism has long been 

debated and is still not clear.  

Our study on gene expression in the nitrofen-model of CDH has provided several new 

insights. Once again, we show an affected ENaC expression. This supports our 

hypothesis of CDH being connected to a reduced ability for lung liquid clearance at 

birth. The involvement of the retinoid pathway in the pathogenesis could also be partly 

supported. The fact that several, early critical factors for lung development were 

affected, further strengthens the notion that CDH with pulmonary hypoplasia is not a 

disease which emanates from mechanical consequences of the hernia, but is primarily 

an intrinsic pulmonary disease. 

Expression of ion and water channels in newborn CDH patients (Study 
IV) 

After having conducted several animal studies on trying to elucidate whether ion and 

water channels could be affected in hypoplastic CDH lungs, we designed a clinical 

study to further address the question. To our knowledge, this was the first study in 

humans to address the hypothesis that CDH with pulmonary hypoplasia is associated 

with an impaired ability for perinatal clearance of lung liquid. We specifically wanted to 

investigate the period of the transitional switch from fetal lung liquid secretion to 

postnatal liquid reabsorption. 

The study involved 20 newborn infants requiring intubation and mechanical ventilation 

and/or ECMO treatment admitted to the pediatric intensive care/ECMO unit at Astrid 

Lindgren Children’s Hospital at Karolinska University Hospital. Patients with no 

pulmonary disease, but in need of immediate intubation and mechanical ventilation (n = 

8) were assigned to a control group. Patients with a clinical presentation of typical CDH 
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symptoms together with an X-ray confirmation as well as an intra-operative 

confirmation of a diaphragmatic hernia, were included in the CDH group (n = 12).  

Tracheal aspirate (TA) samples were collected during clinically indicated suctioning of 

the airway. TA sampling was performed by instilling sterile isotonic saline (1 mL) into 

the endotracheal tube followed by 3 manual breaths. Thereafter, suction was applied at 

about 80 cm H2O and the effluent was collected in a Leukens trap. One TA sample was 

collected from each control patient at postnatal age of 18 [2-35] h.  Two TA samples 

were collected from each CDH patient, at postnatal age of 18 [5-30] and 43 [25-55] h. 

The protein abundance of α-, β- and γ-ENaC, AQP5 and Na+, K+-ATPase α1 was 

analyzed using semiquantitative immunoblotting. 
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Figure 9. Protein abundance in TA samples: (A) α-ENaC in control (n = 6) and CDH (n = 10) 
infants, (B) β-ENaC (n = 7 and n = 8), (C) γ-ENaC (n = 6 and n = 8), (D) Na+, K+-ATPase α1 (n 
= 7 and n = 7), (E) AQP5 (n = 8 and n = 12). Newborn infants with CDH had significantly lower 
levels of β- and γ-ENaC, as well as Na+, K+-ATPase α1. (F) Abundance of the above proteins in 
the CDH group at 18 h (gray bars) and 43 h (black bars) after birth (same number of samples as 
above). No statistically significant changes in the protein levels were found. Values are shown as 
mean ± SEM. *P < .05. 

In our study we reported decreased levels of β- and γ-, but not α-ENaC protein 

expression in the newborn CDH patients (Figure 8A, B, C). This could be compared to 

newborns with RDS, which is associated with an inadequate clearance of lung liquid 

after birth, where lower levels of all three ENaC subunits are expressed.125,126 ENaC α 

subunit knockout mice die shortly after birth from respiratory distress due to failure of 

lung liquid clearance, while loss-of-function mutations for β- and γ-ENaC render 

surviving animals, but with an impaired ability for lung fluid reabsorption resulting in 
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slower lung fluid clearance.119-121 Several other reports further support the idea that 

while α-ENaC is crucial for postnatal survival, β- and γ-ENaC are important for 

modulation of lung liquid absorption in response to various stimuli.122,123 We thus 

consider our findings to support the fact that CDH patients do not show a massive lung 

fluid clearance defect at birth, as do for instance newborn RDS patients. CDH patients 

s.175 The reason to the decrease in expression level of Na+, K+-ATPase α1 is 

unknown, but the heavy metabolic stress experienced by newborn CDH patients, both 

t difference between the species. For natural reasons, human 

studies have been scarce. In the light of this, we consider our results to be interesting for 

rather exhibit an impaired postnatal adaptation in lung fluid handling, which is however 

detrimental to the already lowered respiratory function of the hypoplastic lungs. 

We also found a decreased protein level of Na+, K+-ATPase α1 subunit in TA samples 

from newborn CDH patients (Figure 8D). As far as we know, no significant changes 

have been demonstrated in Na+, K+-ATPase α1 expression in the nitrofen model of 

CDH, even though we saw a tendency towards downregulation in one of our previous 

studie

from the disease itself and from the invasive treatment, does probably play an important 

role. 

We chose to investigate the expression of AQP5 since this water channel has been 

reported to be downregulated in the rat model of CDH. However, we could not observe 

any significant difference in AQP5 protein expression in the newborn CDH infants, 

even though there was a tendency to a decrease in these patients (Figure 8E). The ability 

for comparisons between rodent studies and human studies on the function of 

aquaporins in the lung has long been debated. It is plausible that the considerably higher 

capacity for transcellular water movements in rodents, as compared to humans, 

represents an importan

the understanding of the relative importance of aquaporins for pulmonary perinatal 

adaptation in humans. 

No statistically significant changes could be found in the expression levels of the five 

proteins in the samples taken from CDH patients at 43 h as compared to samples 

collected at 18 h (Figure 8F). However, there was a clear tendency towards a 

downregulation for those proteins that were found to be decreases in CDH patients as 
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compared to controls, i.e. β- and γ-ENaC and Na+, K+-ATPase α1 subunit, as well as for 

AQP5. In a recent study performed with analyses on nasal scrapes, the mRNA levels of 

β- and γ-ENaC were found to be continuously decreasing in healthy newborns during 

the first 50 h of life with no change in α-ENaC levels. Whether or not the postnatal 

efit CDH patients. 

Numerous animal studies have supported this hypothesis, but as discussed in chapter 2, 

specimens have equal validity in predicting the 

outcome of the measured variables and may be used as a substitute for BAL.232-234 TA is 

dynamics of the ion and water transporter proteins is associated with CDH remains to be 

established.255 

We believe it to be important that we were able to measure the pulmonary expression 

levels of ion and water transporters in newborn infants with affected lungs without the 

influence of glucocorticoid treatment ante partum. In all of the similar studies before 

performed on RDS patients, glucocorticoid therapy had always been commenced at 

prenatal diagnosis, before measurements could be done. It has thus not been possible to 

report the “uninfluenced” expression levels of the ion channels in these patients. This is 

especially important when it is well known that the expression of ENaC, Na+, K+-

ATPase and AQP5 are all affected by steroid administration.110,125,256-258 It has long 

been debated if antenatal glucocorticoid treatment could ben

clinical studies have failed to show any clear benefit. 27-29,198 However, a large 

randomized controlled trial to address the question is still lacking. 

Studies of this nature are intrinsically limited due to a small number of samples and 

very ill patients. It is however obvious that more studies of this sort in humans are 

needed. The methods for obtaining the pulmonary samples have been discussed 

thoroughly in chapter 3. Some important points should however be mentioned here as 

well. If more studies are going to be performed, we believe that one has to minimize the 

invasiveness of the sampling procedure and at the same time guarantee the best possible 

sample quality. We believe that the use of TA samples is the best way to reach this goal. 

Even though some reports indicate a more proximal origin of TA compared to BAL, 

several studies conclude that TA 

also widely used in the clinic for analysis of broncho-alveolar constituents in ventilated 

neonates and has proven safe.229-231 
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The use of BAL is not possible because of the extreme broncho-pulmonary 

hyperreactivity of newborn CDH patients. On the other hand, since the anatomical 

expression pattern of the three ENaC subunits is similar between bronchi and the 

peripheral lung, but differs significantly as compared to the nose, we believe that 

analysis of the totally non-invasive nasal samples could provide a somewhat false 

picture of the protein levels in the lung tissue proper. 116 Finally, intra-operative biopsies 

during hernia repair must be considered neither clinically nor ethically acceptable, since 

removing a piece of an already growth retarded lung could be detrimental to the patient. 

sis or to conduct serial sampling. 

dy 

nd the patient’s clinical condition gradually improved. To 

our knowledge, this was the first time imatinib was used for treatment of PAH in an 

This approach does not either allow the researcher to freely chose time-points for 

analy

Vascular effects of imatinib treatment on fetal hypoplastic lungs (Stu
V) 

In 2008, we published a case report of a CDH patient with intractable PAH, where all 

conventional treatment had failed. After intravenous administration of the platelet 

derived growth factor (PDGF) receptor antagonist imatinib (Glivec®), pulmonary artery 

pressure gradually decreased a

infant and it made us want to proceed with elucidating the possibility of using imatinib 

in a future treatment regimen. 

An important ambition of CDH treatment has long been to counteract the pulmonary 

abnormalities already at a fetal stage. The goal of this study was therefore to examine 

the effect of repeated antenatal imatinib administration on the pulmonary vasculature in 

the well established nitrofen-induced CDH model. nitrofen treated rat dams were 

randomized so that half of them received oral imatinib (50 mg/kg/d, Novartis, Sweden) 

dissolved in saline as administration vehicle and half received only saline via gavage on 

gestational days 17, 18, 19 and 20, respectively. Saline only were given to all of the 

control dams. Hence, three groups were formed: 1) Control + NaCl; 2) Pulmonary 

hypoplasia + NaCl; 3) Pulmonary hypoplasia + imatinib. We performed 

immunohistochemical analyses and morphometric assessments of the pulmonary 

vessels. Pulmonary arteries were measured and categorized as either muscular (i.e., with 

a complete medial coat of muscle), partially muscular (i.e., with only a crescent of 
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muscle) or non-muscular (i.e., no visible muscle). Medial wall thickness was defined as 

the average of the distance between the external and internal lamina elastica measured 

at the two shortest ends of the vessel. Lumen area was defined as the area within the 

Imatinib treatment nearly normalized the medial wall thickness in pulmonary arteries 

ized 10-25 µm and 35-100 µm. The effect of antenatal imatinib treatment on internal 

lumen area was also profound and resulted in a normalization of values (Figure 9B, 10). 

 

lamina elastica interna. The arteries were also categorized according to their external 

diameter (EXD). 

The degree of overall medial wall thickness was markedly increased for all vessel size 

categories in the hypoplastic group as compared to control. The lumen area of 

pulmonary arteries, overall and in each specific vessel size category, also decreased 

dramatically in the hypoplastic group as compared to control animals (Figure 9A, 10). 

s

 



 

 

 

Figure 10. Effects of imatinib on the medial wall thickness and internal lumen area of pulmonary 
arteries sized 10-25 μm, 25-35 μm and 35-100 μm; and degree of muscularization (25-35 μm). (A) 
Medial wall thickness as proportion of external diameter. (B) The internal lumen area. (C) Proportion of 
partially muscularized and fully muscularized pulmonary arteries.  Values are shown as mean ± SEM. # - 
significant difference compared to control, * - significant difference compared to CDH, † - significant 
difference compared to CDH+imatinib. P < 0.05. 

We also assessed the degree of muscularization of the group of pulmonary arteries 

(sized 25-35 µm). In the CHD group, a marked decrease in the percentage of partially 

muscularized arteries could be found as compared to control, with a concomitant 

increase in the fraction of muscularized pulmonary arteries (Figure 9C). Imatinib treated 

fetuses with pulmonary hypoplasia showed a significant reduction in the number of 
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fully muscularized pulmonary arteries together with an increase in the percentage of 

partially muscularized arteries, as compared to saline treated lung hypoplastic animals. 

 

Figure 11. Effects of imatinib on the degree of medial wall thickness. The degree of 
muscularization of the medial wall is demonstrated by H&E staining (A-C) and by von 
Willebrand staining (D-F) for identifying endothelium. (A, D) show a representative 
pulmonary artery from a control lung. Imatinib treatment of CDH animals (B, E) nearly 
normalizes the increased medial wall thickness seen in untreated CDH animals (C, F). 
Negative control for vWB staining is shown in (G). 

In order to evaluate whether the morphological differences seen between the groups 

were due to effects on proliferation or apoptosis, staining for Ki-67 and Caspase 3 were 

also performed. Ki-67 immunostaining showed that nitrofen treatment markedly 

increase vascular cell proliferation in the fetal rat pulmonary vessels (Figure 11). This 

increase in proliferation was reversed by imatinib treatment which significantly reduced 

the amount of Ki-67 positive vascular cells. No positive staining was detected in the 

fetal lungs of Caspase 3, probably due to intrinsically very low levels of apoptosis in 

late gestation lungs. 
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Figure 12. Ki-67 staining for proliferating cells. (A) control. (B) CDH (C) CDH and imatinib. (D) 
negative control. (E) quantification of Ki-67 positive cells. Values are shown as mean ± SEM. * - 
significant difference compared to control. P < 0.05. 

We also assessed the levels of PDGF-B in this study and found that the PDGF-B 

expression was dramatically increased in the medial layer of the pulmonary arteries in 

nitrofen-induced CDH animals (Figure 12). We could also show a trend towards lower 

levels of PDGF-B in the imatinib-treated animals, even though our results did not reach 

statistical significance. It might be possible that the lack of statistical difference 

regarding PDGF-B expression could partly result from differing levels of the 

biologically active N-desmethyl metabolite CGP74588, which is not detected by the 

antibodies used in this study. 
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Figure 13. PDGF-B expression in fetal pulmonary arteries on gestational day 21. (A) Shows 
low expression in control animals. (B) shows the expression in the untreated nitrofen-induced 
CDH group and (C) the imatinib treated CDH animals. Negative control is shown in (D). 
Increased PDGF-B expression in nitrofen-induced fetal PAH is found compared with control (E). 
Values are shown as mean ± SEM. * - significant difference compared to control, # - 
significant difference compared to CDH. P < 0.05. (F) displays the PDGF-B staining without 
background in the control group. 

The main finding of this study was that imatinib acts as an effective vascular anti-

remodeling agent in the nitrofen-induced CDH model with pulmonary hypoplasia. The 

decrease in medial wall thickness and increase in internal lumen area of pulmonary 

arteries are two crucial factors behind the increased vessel resistance leading to PAH. 
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CONCLUSIONS 

• The protein levels of NKCC-1 are significantly lower at mid and late gestation in rat 

fetuses with hypoplastic CDH lungs as compared to controls. The expression of 

beta-ENaC is also significantly down-regulated in both groups on gestational days 

18 and 21, which may imply an affected ability for perinatal lung liquid clearance. 

• The protein expression of ClC-2 and -3 in normal fetal lungs points toward a 

developmental regulation. 

• ClC-2 and -3 are down-regulated in late gestation in hypoplastic CDH lungs. In TO-

induced hyperplastic lungs, ClC-2 is up-regulated at the end of gestation. 

• The majority of the affected gene transcripts in the nitrofen model of lung 

hypoplasia and congenital diaphragmatic hernia includes alterations of major 

pathways involved in fetal lung development. These include growth factors, 

transcription factors, ion and water channels and factors involved in angiogenesis. 

• The levels of β-ENaC, γ-ENaC and Na+, K+-ATPase α1 collected at 18 h postnatally 

are significantly lower in CDH infants compared to control infants. This down-

regulation may result in an abnormal lung fluid absorption which could be an 

important mechanism behind the respiratory distress seen in newborn CDH patients. 

• Antenatal imatinib treatment normalizes the increased medial wall thickness in 

pulmonary arteries leading to PAH in the nitrofen-induced CDH model by acting as 

an effective vascular anti-remodeling agent. Imatinib is thus a highly interesting 

candidate as a novel therapeutic approach for counteracting PAH in CDH before 

birth. 



FUTURE PERSPECTIVES 

Many advances have been made in the last 20 years in treating and caring for newborns 

with CDH. The increased possibilities for advanced life-supporting measures have been 

the most decisive driver of increased survival rates for the condition. The adoption of 

late surgical repair of the hernia after stabilization of the patient’s pulmonary and 

circulatory function has also been an important contributor. However sophisticated 

these techniques may be, they do not solve the core issue with CDH patients being born 

with small and badly functioning lungs. 

Several attempts have been made at counteracting the pulmonary hypoplasia already 

during fetal development. Open surgical techniques performed on the fetus while still in 

the mother’s uterus, such as tracheal occlusion and surgical hernia repair of the fetus, 

were abandoned due to great side-effects. Endoscopic fetal surgical efforts are 

continued on a small scale in a couple of centers throughout the US and Europe, but the 

results are not convincing and the techniques are still highly invasive. 

In this thesis we wanted to investigate the role of lung liquid metabolism for pulmonary 

growth and adaptation during fetal and perinatal life. Our future goal is to be able to 

counteract the hypoplastic development of the lungs of CDH patients by means of non-

invasive, drug-based therapies administered already at the fetal stage. This has been a 

much successful approach in antenatal glucocorticoid lung treatment. The studies 

included in this thesis show the potential of such an approach directed in the same 

manner towards major pulmonary ion channels, but much work has to be done in order 

for our hypotheses to realize. 

The natural next step would be to try the effect of certain agonists and antagonists 

directed toward our channels of interest on animal fetuses. Survival rates and pulmonary 

effects would have to be measured both in healthy animals and in the CDH model 

together with comparisons to both controls and TO-treated groups. With an easy access 

to a large-animal facility, a near-time lamb or pig study would also be of high priority. 
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We also believe it to be important to continue the work on the postnatal ability for lung 

liquid absorption in CDH patients. It has to be tested whether administration of an 

ENaC agonist ameliorates the lung function of these patients, especially the first days of 

life while on ICU/ECMO treatment.  

The last study of this thesis considers the problem of treating pulmonary hypertension in 

CDH patients, which still remains a major factor behind the high morbidity of CDH. 

The animal study was designed after we reported successful administration of the PDGF 

inhibitor imatinib to a treatment-resistant CDH infant. Even though the treatment 

rationale is rather broad today, all therapies are directed only to postnatal measures. In 

our study, we managed to show that the typical medial wall hyperplasia of pulmonary 

arteries seen in CDH, leading to the increased pulmonary vascular resistance, could be 

counteracted and almost normalized after antenatal imatinib administration to CDH 

fetuses. 

In a first step, it would be important to conduct a study on a small sample of patients 

with intractable pulmonary hypertension unresponsive to conventional treatment, which 

have a very poor prognosis anyway. In the near future, studies on antenatal imatinib 

treatment should also be carried out. This seems feasible also from a risk perspective, 

since several reports on pregnant mothers on imatinib treatment for leukaemia, show no 

signs of teratogenic effects on the fetuses. 

One of the greatest challenges in adopting an antenatal approach to CDH treatment is 

the ability to conduct a more precise prenatal diagnosis. This is especially true in the 

case with imatinib treatment to fetuses, since there is no good method available today 

that can predict which patient will suffer from the most severe pulmonary hypertension. 

It is therefore of utter most importance that future research within the fascinating field 

of fetal intervention and treatment is conducted in close cooperation between pediatric 

surgeons together with specialists in diagnostics of pathological fetal conditions. 
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