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Abstract (German)
Fragestellung: Die Hauptursachen für die hohe Morbidität und Mortalität bei Kindern mit
angeborener Zwerchfellhernie (CDH) sind auf die damit verbundene Lungenhypoplasie
und den damit einhergehenden persistierenden pulmonalen Hochdruck zurückzuführen.
Vascular endothelial growth factor-a (VEGF-a) ist ein permeables Signalprotein, das
mitogene Eigenschaften aufweist und besonders an Endothelzellen wirkt. Diverse Studien
haben ergeben, dass es positive Effekte sowohl auf die Angiogenese wie auch die
Vaskulogenese und somit auf die Entwicklung der Lunge haben könnte. Das Ziel dieser
Studie war es, den Effekt von intraamniotisch appliziertem VEGF-a auf die Lungenreifung
bei Rattenfeten mit initiierter CDH zu evaluieren.
Methodik: Sechs trächtigen Sprague-Dawley Ratten wurden am 9. Gestationstag (d9)
100mg Nitrofen, welches zuvor in Olivenöl gelöst worden war, mittels einer Magensonde
verabreicht. An d19 und d20 wurden den Feten entweder 50 µl (mikroliter) VEGF-a
(n=10) oder Aquadest (Placebo, n=6) intraamniotisch appliziert. Am 21. Gestationstag
(d21) wurden die fetalen Ratten per sectionem entbunden, gewogen und auf das Vorliegen
einer CDH untersucht. Die rechten und linken Lungen von CDH positiven Feten wurden
zur weiteren Analyse herangezogen. Quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR) wurde an rechten Lungen durchgeführt um die
Genexpression des Proliferationsmarkers Ki67, der Gewebsmarker insulin like growth
factor receptor 1 und 2 (IGF-1r und IGF-2r), podoplanin (PDPN) sowie der
Organogenesemarker bone morphogenetic protein-4 (BMP-4), thyroid transcription factor
(TTF-1) und fibroblast growth factor (FGF-10) zu bestimmen. Ebenso wurde qRT-PCR für
Marker der Vasculogenese (VEGF-a, kinase insert domain-containing receptor (KDR),
fetal liver tyrosinase (Flt-1), platelet endothelial cell adhesion molecule-1 (Pecam-1) und
plasminogen activator tissue (Plat)) durchgeführt. Zur Ermittlung der Proteinexpression der
Antikörper Ki67, FGF-10, PDPN, TTF-1, und dem Marker für Bronchialmuskulatur (αsmooth muscle actin (SMA)) und VEGF-a, wurden die linken Lungen mittels
Immunhistochemie (IHC) analysiert. Die Daten wurden als Median ± Standardabweichung
der PCR-fold changes statistisch dargestellt. Nummer des Tierversuchsantrags:
66.010/0011II/10b/2010.
Ergebnisse: Die mRNA-Expression von FGF10 (0.9864 ± 1.685 vs. - 0.5917 ± 0.2979; p<
0.05), IGF-2r (0.2089 ± 1.385 vs. - 1.236 ± 0.4043; p< 0.05) und Plat (- 0.8012 ± 2.045 vs.
- 2.859 ± 0.4052) war in der VEGF-a-Gruppe gegenüber der Placebogruppe signifikant
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reduziert (p<0.05). Bezüglich der Genexpression des TTF-1 (- 1.444 ± 1.334, - 3.233 ±
0.3874) war unter den VEGF-a behandelten Feten sogar eine hoch signifikante Reduktion
im Vergleich zur Placebogruppe vorhanden (p<0.01). Die Untersuchung der Marker Ki67,
FGF-10, Podoplanin, TTF-1, SMA und VEGF-a zur Bestimmung der Proteinexpression
mittels IHC erbrachte keine signifikanten Ergebnisse.
Schlussfolgerung: Die intraamniotische Applikation von VEGF-a scheint Marker der
Lungenverzweigung und Proliferation zu reduzieren und somit eine negative Auswirkung
auf die Lungenentwicklung zu haben. Eine klinische Anwendung von VEGF-a in der
beschriebenen Darreichungsform und Dosierung kann somit nicht empfohlen werden.
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Abstract (English)
Aim: Children with congenital diaphragmatic hernia (CDH) are subject to a significant
morbidity and mortality due to lung hypoplasia and pulmonary hypertension. Vascular
endothelial growth factor (VEGF-a) is a permeable, signal protein that has mitogenic
effects and especially targets endothelial cells. Several studies have shown that VEGF-a
plays an important role for angiogenesis and vasculogenesis as well as lung development
in general. The aim of this study was to evaluate the effect of intra-amniotically injected
VEGF-a on the development of hypoplastic lungs in the nitrofen model of CDH.
Methods: On day 9 pregnant rats were exposed to 100mg nitrofen dissolved in olive oil.
Distilled water (Placebo) or 50 l (microliter) VEGF-a (treatment group) was injected into
the amniotic fluid on day 19 and day 20. On day 21 a caesarean section was performed to
deliver the fetal rats. Fetuses with confirmed CDH were weighed and divided into VEGF-a
(n=10) and Placebo (n=6) groups. Right and left lungs in each group were harvested for
further analysis. Real time reverse transcription polymerase chain reaction (qRT-PCR) was
performed to analyze the gene expression of the proliferation marker Ki67, the tissue
markers insulin-like growth factor receptor 1 und 2 (IGF-1r und IGF-2r), podoplanin
(PDPN), as well as the organogenesis markers bone morphogenetic protein-4 (BMP-4),
fibroblast growth factor (FGF-10), thyroid transcription factor (TTF-1). Markers for
vasculogenesis (VEGF-a, kinase insert domain-containing receptor (KDR), fetal liver
tyrosinase (Flt-1), platelet endothelial cell adhesion molecule-1 (Pecam-1), plasminogen
activator tissue (Plat)) were also used to perform qRT-PCR in the right fetal lungs.
Left fetal lungs were analyzed by immunochemistry (IHC) for Ki67, FGF-10, PDPN, TTF1, α-smooth muscle actin (SMA) and VEGF-a. Data are expressed as median ± standard
deviation of fold changes and analyzed using parametric or non-parametric tests. Ethical
approval number: 66.010/0011II/10b/2010.
Results: When compared with the Placebo group, VEGF-a treated fetuses had significantly
down-regulated gene expression levels of FGF-10 (0.9864 ± 1.685 vs. - 0.5917 ± 0.2979;
p< 0.05), IGF-2r (0.2089 ± 1.385 vs. - 1.236 ± 0.4043; p< 0.05) and Plat (- 0.8012 ± 2.045
vs. - 2.859 ± 0.4052; p< 0.05) gene expression levels compared to placebo group. The gene
expression levels of Ttf1 were highly significantly down regulated in the VEGF-a treated
fetuses (- 1.444 ± 1.334, - 3.233 ± 0.3874, p< 0.01). Protein expression of Ki67, FGF-10,
podoplanin, TTF-1, SMA and VEGF-a showed no significant difference in comparison to
the placebo group.
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Conclusion: Intra-amniotic administration of VEGF-a appears to have a suppressive effect
on lung branching, proliferation and lung growth of hypoplastic lungs in the nitrofen model
of CDH. The clinical application of VEGF-a cannot be recommended, at least in the used
dose and route of administration
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1 Introduction
The main reasons for the high morbidity and mortality in children with congenital
diaphragmatic hernia (CDH) are lung hypoplasia and persistent pulmonary hypertension.
Therefore the aim of this study was to evaluate the effect of intra-amniotic-injected
vascular endothelial growth factor (VEGF-a) on lung maturation of hypoplastic lungs in
the nitrofen model of CDH.
For a better understanding of this study, basic knowledge of lung and vessel development
during the embryonic phases in humans and rats will be delivered in the following chapter.
After an overview of lung anatomy and development, the chapter will concentrate on CDH
and its association with lung hypoplasia. Furthermore, the nitrofen model of CDH, the
VEGF family and the connection between the two will be explained.

1.1 Lung anatomy and its divisions in human adults
The lungs are situated in the pleural cavity on both sides of the mediastinum, located in the
thorax. Each lung’s shape is similar to a half cone. The lung tissue consists of the air
conducting and the respiratory section of the bronchial tree, the lung vessels, connective
tissue and smooth muscle cells (1). The bronchi and bronchioles belong to the conductive
section (2). An overview of the bronchial system is provided in Figure 1.
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Figure 1: Bronchial branching (3)
The air passages divide dichotomously, which means that each part branches into two
pieces (4). The trachea divides into two main bronchi („primary bronchi“) at its
bifurcation. In each lung five lobe bronchi (secondary bronchi) and 19 segmental bronchi
(bronchi of the third generation) arise. The tertiary bronchi branch into bronchi of different
sizes for another 15 times with the following kind called „bronchioles“. The next
generations are the smaller terminal bronchioles. They keep dividing and become the
alveolar duct and the alveolar sac (5). Together with the respiratory bronchioles they build
one acinus, which is shown in Figure 2 (4).
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Figure 2: Lung acinus (6)
Fifty of these acini are needed to build one pulmonary lobule. There are intrapulmonary
and extrapulmonary types of bronchi. The latter one consists of the primary and secondary
bronchi (5).
The alveoli are the last of the structures that comprise the bronchial tree. They have an
aciniform arrangement and their shape resembles a blister. They are responsible for gas
exchange (4). One alveolar wall resembles a small septum and is shared by two alveoli. It
permits a small net of blood vessels into the connective tissue to bring blood supply (1,4).
The wall includes small holes, which are closed by surfactant and allow passage of
immune cells (4,7). The capillary net is very much connected with all of the pulmonary
tissue and the costal pleura allowing it to respond sensitively to respiratory movements. In
addition to capillary blood supply, elastic fibers may be found in the alveolar septum
which enable the lungs to contract and expand (4).
There are three types of cells, which are arranged in the epithelium of the alveoli (1,4):
Type I pneumocytes are thin cells with very long ends. They handle more than 90% of gas
exchange (4,7). Type II alveolar cells are larger and provide a basis for other pneumocytes
to be renewed (7). They are found more frequently on the alveolar surface than type I cells.
Their most important role is the production of surfactant. Type III pneumocytes are rare
and located in the bronchioles. Their function is currently not very well understood (4).
The lung’s blood supply is defined by two systems: “Public vessel system” (pulmonary
artery and vein) and “private vessel system” (bronchial artery and vein). The arterial
system of the public vessels branch off the pulmonary trunk and divide into a left and right
lung artery (a.). They continue as divided arteries for the superior and inferior lobe and
3

thence split into segmental arteries.
The left and right superior pulmonary veins collect the blood of the upper lobe and the
inferior pulmonary veins of both lung sides take the blood of the inferior lobe. They carry
the blood to the left atrium (7). The arterial muscular blood vessels of the “private vessel
system” derive from the aorta on the right side and from the arteries between the ribs on
the left side (4,7). They provide blood supply until the bronchi (4). The bronchial veins
collect the blood and lead to the azygos vein (v.) and hemiazygos v.. There are connections
between the bronchial and pulmonary vessel system. Especially in bigger vessels,
conjunctions developed, which only open in case of blood supply constriction and are
therefore, held in reserve (7).

1.2 Development of the human lung
The lung development may be divided into five stages: (1.) embryonic, (2.)
pseudoglandular, (3.) canalicular, (4.) saccular and the postnatal alveolar stages (8). Figure
3 illustrates each stage.
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Figure 3: Stages of human lung development (9,10)
1. Embryonic stage (0-7weeks (11)): The upper respiratory tract evolves from the ventral
wall of the primitive foregut (12,13). During this phase the lung bud, which is an
endodermal outgrowth of the lower part of the pharyngeal groove, develops. Therefore, the
trachea, bronchi, lungs, larynx and the epithelial coating of the respiratory tract have their
origins in the endoderm. The tracheal cartilage and smooth muscle cells originate together
with the lungs from the mesoderm. The latter one surrounds the primitive foregut (13). The
lung bud splits into two and each are located on either side of the subsequent oesophagus.
Ten segments of airways originate from each lung bud. Lobar air passages are developed
during this phase as well. Adequate blood supply is already defined (14). The two main
bronchi, a smaller left and a bigger, more caudally-oriented right one, originate from the
lung bud. They are the medium for the next generation of buds to sprout from: three on the
right and two on the left side. Hence the primordium for the later pulmonary lobes is being
formed. At the end of this phase the first pulmonary segments occur (15).
2. Pseudoglandular stage (7-17 weeks): The main bronchi branch repeatedly until ten
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tertiary bronchi have developed in the right pulmonary wing and eight or nine tertiary
bronchi have developed in the left one. The tertiary bronchi are also known as segmental
bronchi and correlate with the bronchopulmonary segment of the adult lung. For
ramification signals from the fibroblast growth factor (FGF) are needed (13). Although the
frame of the bronchial tree is built, no alveoli or respiratory bronchioles exist yet (13,16).
The lung resembles a tubulo-acinar gland, therefrom the name of this stage (16,17).
Mesenchymal cells enclose the epithelial tubules and cuboidal cells in the acinar area
substitute the pseudostratified columnar epithelium. These are progenitors of the type II
pneumocytes. Large columnar cells replace the columnar epithelium in the proximal
respiratory tract (12,16). High prismatic epithelial cells line the bronchial tree as the prestage of the ciliated epithelium. They may already be found in the thirteenth week of
pregnancy. The developing epithelium is an important source for the production of
amniotic fluid (16). By the end of this phase the framework for the air passages has
developed (8).
3. Canalicular stage (16-27 weeks): In this phase the bronchial tree splits into small tubes
(canaliculi) (13). An acinus comprises of alveolar ducts, including its sacs as well as the
alveoli, which are built by one terminal bronchiole (11,18). It develops capillaries, which
are growing rapidly (12). This vascularization builds the most important component
necessary for future gas exchange (18). The cuboidal cells of the respiratory bronchioles
must transform into alveolar epithelial cells in order to enable breathing (13). This is the
main focus of this phase (18). Cells of the respiratory tract have their origin from the
endoderm, accompanied by cells that develop from the mesoderm (8). These mesodermal
cells diminish due to tight connections between the pulmonary capillaries and the
epithelium (11,13). This connection affords the so called blood-air barrier (13). Between
20 and 22 weeks of gestation two different types of alveolar cells develop (11). Type I
cells are implicated in development of the blood-air barrier (12). They evolve from type II
pneumocytes. The latter produce surfactant, which covers the alveoli and decreases the
surface tension. This enables the neonate to breath after birth without a collapsed bronchial
system. A good formation and differentiation of these two cell types, in combination with a
sufficient vascularization, are needed for survival at a gestational age of 24 weeks (18). In
order for the lung and its epithelium to form and develop sufficiently, molecules like
proteins and different factors for transcription and growth are needed (8).
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4. Saccular stage (28-36 weeks): This stage (17,19) is named after the last stage of airways
with its sac-like shape (11). During this time the terminal bronchioles arise. They are the
last branches of the respiratory tract (19). The interstitium minimizes and the tubules of the
acini widen (12,17). Distal to the terminal bronchioles the sacculi broaden further. Up to
four respiratory bronchioles arise from one acinus and are followed by a gait, which serves
as an origin for the sacculi. (11). Both types of pneumocytes are located inside the sacculi.
Between those sacculi, so called primary septa are stretching and leading capillaries to
supply them with blood (19). Lamellar bodies, which may be found in type II
pneumocytes, proliferate and type I pneumocytes mature (12). Inside the sacculi and the
gaits fibroblasts develop substances, which are needed for the extracellular space (19). By
the end of this stage not only sacculi, which are the ancestor of the sacculi alveoli (19),
have developed, but also the lymphathic system (17).
5. Alveolar stage (36 weeks-2 years): There is no consensus when exactly the last stage of
alveolar development is finished. Most of the current literature defines the end between
one and two years after birth (20,21). During this stage the secondary septa evolve from
the primary one (12,21). Kotecha describes in his paper that the secondary septa contain
two capillary kinks and connective tissue. The alveoli ripen in shape and development and
reform the capillary convolution into one loop with the help of endothelial cells. Type I
and II pneumocytes proliferate and invest the slim walls of the alveoli. The improvement
of vascularization stimulates a better gas exchanging field for extrauterine life (12). During
the first half-year of life a significant increase in alveoli may be observed. At the end of
this stage the formation and growth of alveoli does not completely stop. It is supposed that
after this phase alveoli continue growing very slowly.
An overview of the embryonic steps of lung development is shown in Figure 4.
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Figure 4: Stages of lung development (22)
At birth, lung fluid is removed by blood and lymphatic vessels and gets squeezed out of the
bronchi and trachea during delivery. When the newborn takes the first breath, the layer of
phospholipids, which is a remnant of the surfactant, reduces the surface tension of the
bronchi. This way the serous liquid will not reach the alveoli during expiration and the
alveoli are prevented from collapsing. With the first minutes of inspiration, the lungs
widen and form the pleura cavity (13).

1.3 Development of the pulmonary blood vessels
In general, blood vessels evolve from so called blood islands, which are developed by the
third week of gestation. The first ones occur in the mesoderm of the yolk sac. Shortly after,
meshes may be found, which are flexible tubes formed by the islands. This pattern of
development is called vasculogenesis. For further vasculogenesis growth factors such as
VEGFs are required. The surrounding embryonic connective tissue bears structures which
are important for the future vessel walls. (23). The other form of development is called
angiogenesis. Blood vessels evolve from already existing vessels. There are two kinds of
angiogenesis: The intussusceptive angiogenesis develops by the invasion of elements of
8

the interstitium into the vessels. Therefore, one vessel divides into two vessels. The
sprouting angiogenesis consists of endothelial cells and gets stimulated by growth factors
such as VEGF-a (24).
Formation of the blood vessels, in relation to the lungs is in process during the canalicular
stage, between the 16th and 17th week of pregnancy (14). After 34 days of fetal life
capillaries are coated by endothelial cells (14). These cells are in touch with the pulmonary
vein and artery. They incorporate into the lining beside the second to last airway to build
small veins and arteries. This proves that vasculogenesis is the way new vessels evolve.
They resemble the airway in growth and length. Cells in the mesenchyme proliferate
enormously. VEGF is presumed to be responsible for that effect. This will be discussed in
the following chapter.
Veins and arteries follow a slightly different route: While arteries stick closely to the walls
of the airways, veins continue between them (14). Hall et al. 2002, discuss the airways
path, which is not followed by arteries and veins as soon as lymphatic vessels enclose them
(14,25). The reasons are not quite understood. The arteries in the lungs get infiltrated by
smooth muscle cells, which have their roots in the smooth muscle cells of the bronchi (14).
Due to mobilization of receptors of enzymes such as tyrosine kinase, G-protein and
integrins, the path of cells migrating from the bronchi to the arteries is facilitated (26).
Further, fibroblasts leave the mesenchyme and settle against the arterial wall, activated by
signals essentially caused by angiopoietin. Myosin, alpha and gamma actins are
encouraged to sprout by these fibroblasts.
In the walls of veins fibroblasts, as seen in arteries, may be found (14). Smooth muscle
cells emerge from the mesenchyme, unlike arteries where the bronchi serve as the place of
origin (25).
To obtain and maintain these fragile vessels, endothelial monocyte-activating polypeptide
II (EMAP II) most likely plays a stabilizing role. EMAP was found not to facilitate new
vessel development. In the adult lung, expression of EMAP was shown in large bore
vessels (11).
Vessels belonging to the pulmonary supply area have their origin in the pulmonary arch.
By the 27th day of fetal life, the first two out of six aortic arches are already regressed.
Parts of them develop into arteries, which supply important structures. The other arches
result in the common carotid artery, both subclavian arteries and the aortic arch. The
pulmonary arch, synonymous with sixth aortic arch, supplies the lung buds with blood. It
9

also becomes part of the right pulmonary artery and bears the so called “arterial duct“ as a
relic of its most distal section (27).
Veins also supply the lung buds. They establish a connection between the heart and the
anterior side of the bud. A net of capillaries occur between the arteries and veins for a
sufficient blood supply. This may be seen in Figure 5 (14) .

Figure 5: Vessel development in lung bud (14)

1.4 Lung and vessel development in rats
The development of the respiratory tract in rats is very similar to that in humans (21). In
general, mammalian lungs undergo five stages of development: (1.) embryonic, (2.)
pseudoglandular, (3.) canalicular, (4.) saccular and (5.) alveolar stage, which were
described in the chapter
Development of the human lung. Differences may be seen in the process of alveolar
growth and multiplication. The rat’s alveolarization starts after birth (28). The following
Figure 6 provides an overview of lung development in rodents.
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Figure 6: Rodent lung development (29)
Burri et al. describe four zones in the fetal rat lung (28):
Zone I: Defined by loose connective tissue and some small blood vessels. During the 17th
and 18th day of the pseudoglandular stage larger blood vessels appear, which are presumed
to be the ancestors of the veins. Immature muscle cells may be found in those vessels.
Between the lobes a network of cells shaped by the mesenchyme evolves. Collagen fibrils
are described among those cells. This folded tissue is termed Zone I. The network
accommodates free, round cells. By day 19 the epithelial tubes may be found in the
mesenchyme. From that time point on Zone I, which is closely situated next to zone IV,
starts to thin. During the late pseudoglandular stage free cells are present. The canalicular
stage of Zone I is characterized by epithelial cells, which produce more glycogen
compared to the previous stage. Zones I and II are responsible for the formation of the
parenchyma during this stage. Cells of the mesenchyme mature into riper ones, which are
located in Zone II. This is why Zone I disappears by the end of this stage. In the saccular
stage Zone I is replaced by a consistent layer. Potentially immature epithelial cells and
undifferentiated mesenchyme arise (28).
Zone II: This zone shows a tight mesenchyme with capillaries and dim cells. Peripheral
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parts of the respiratory tree and parenchymal parts of the airways evolve. At the beginning
of the pseudoglandular stage, Zone II reveals epithelial tubuli in its peripheral parts. They
are covered by cells of the interstitium, which are probably the ancestors of the smooth
muscle cells. These cells are also called fibroid smooth muscle cells (FSMC). The coating
of the tubuli is cubical and its form is similar to club-shape. The basal lamina is a lot
thinner and less continuous than in Zone III due to connections between the cells of the
epithelium and the encircling mesenchyme. On the 20th day of gestation, the epithelium
and the capillaries approach each other in Zone II and I. The tubuli change their
appearance into a star-shaped form. During the canalicular stage, the tubuli widen and their
epithelium spreads until the edge of the pleura. Pneumocytes of type I occur and a narrow
blood-air membrane is visible. The cells of the mesenchyme loosen and make it hard to
define the border between Zones I and II (28).
Zone III: This zone consists of branches of the respiratory tract and blood vessels.
Forerunners of the smooth muscle cells (SMC) enclose them. The ancestor of the
pulmonary vessels, the tubuli and their surrounding pre-SMC define Zone III. Zones II and
III are separated by mesenchymal cells. The content of these cells are glycogen and drops
of lipids. During the late pseudoglandular stage it is easy to differentiate Zones I and II
because of defined and attributable structures belonging to each zone. This zone, together
with Zone IV, is responsible for the development of vessels and the respiratory tree. This
happens during the canalicular stage. Cili-bearing cells arise in the lung’s epithelium and
cells with glycogen in them probably serve as forerunners of the goblet cells or others (28).
Zone IV: An extra layer of adventitial cells characterizes this zone. It is developed by day
21 of gestation and is therefore not existent during the early pseudoglandular stage. Zones I
and IV lie right next to each other due to the displacement of the air passage towards the
truncus. The primitive mesenchyme may be distinguished from the adventitial cells.
During this stage, Burri et al. describe the appearance of immature cartilage for the first
time, and therefore bronchi are detected (28). Branches of the lung’s arterial vessels build
SMC. The late pseudoglandular stage shows a basal lamina without discontinuities in
Zones III and IV. The canalicular stage of Zone IV is identical to the one in Zone III (28).
Burri and Moschopulos hypothesised that the saccular stage begins by the 22nd day of
gestation in rats (28). In the parenchyma they found a double mesh of capillaries.
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Macrophages were found in the parenchyma of the respiratory tract and the interstitium.
There are two types of pulmonary fibroblasts. One type abounds in glycogen and lipids, the
second one into the rough endoplasmic reticulum and polysomes.
Rats are born during the saccular stage. After the initiation of breathing, the pulmonary
structures begin to change: the bronchi and bronchioles expand as well as the blood
vessels. The septa between the sacculi diminish and the glycogen disappears from the
epithelium (28).

1.5 Congenital diaphragmatic hernia (CDH)
Congenital diaphragmatic hernia (CDH) is a congenital malformation with an approximate
incidence of 1 in 2500 to 1 in 5000 life births (30,31). There are four different kinds of
congenital diaphragmatic herniae: The congenital kinds are the (1) posterolateral
(“Foramen Bochdalek”), (2) anteriormedial (“Foramen Morgagni”), (3) diaphragmatic
eventration (32), and rarely, (4) total agenesis of the diaphragm, that might occur in rare
cases (33). About 80% of CDH are located on the left hand side. The mortality ranges
between 20%-60% (34). Our study focuses on the most common, left sided Bochdalek
hernia.
The diaphragm starts to develop by week four and grows until week twelve of gestation
(35,36). There are four parts that are presumed to be involved in the evolution of CDH: (1)
the center arises from the septum transversum, (2) the fold between the pleura and the
peritoneum bears the posterolateral side, (3) the esophageal mesentery builds the posterior
aspect of the diaphragm, and, (4) structures of the thoracic wall provide the required
muscles. It is thought that the main reason for the defect in the diaphragm is the
deformation of the mesenchyme in the fold between the pleura and the peritoneum (36).
Problems with the growth of the posthepatic membrane influence the appearance of the
CDH as well (37).
The etiology of CDH has not been fully eludicated and it develops sporadically (31).
Multiple influencing

factors

are described

such

as

polyhydramnions, genetic

determination, pulmonary fluids, fetal gasps during the third trimester and dysfunctions
during the embryonic stages. Harmful substances such as thalidomide and nitrofen are also
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described to cause CDH (35).
The pathophysiological mechanisms are not quite clear. Histology proves that the walls of
pulmonary vessels are thicker in CDH patients compared to healthy infants. Vessel atrophy
and diminished bronchial division is also seen in CDH-lungs. Due to these developmental
disorders, many patients exhibit lung hypoplasia (38). Persisting pulmonary hypertension
results from large muscle cells occurring in peripheral vessels and high pulmonary
pressure. The latter is responsible for the maintenance of a right-to-left shunt (35,36).
Slender arterioles and insufficient arterial blood supply also result (37). Lung hypoplasia
and associated persisting pulmonary hypertension are the main reasons for the high
morbidity and mortality in patients with CDH (38,39). Lung hypoplasia appears
predominantly on the affected side, and this is thought to be due to mechanical
compression by herniated abdominal organs.
However, especially based on studies on the nitrofen model of CDH, there is increasing
evidence that it is not only the mechanical compression of herniated organs that lead to
lung hypoplasia (36). Keijzer et al. were the first to describe the so-called “dual-hit
hypothesis”: the understanding was that lung hypoplasia in CDH occurs due to two
separate “hits”. The first hit was described to occur during early lung development. It has
been reported that lung hypoplasia is seen in the nitrofen model of CDH not only on the
affected side, but also on the contralateral side and also in those rats that did not develop a
defect in the diaphragm at all. Furthermore, in affected rats lung hypoplasia was found
already at early developmental stages even before the diaphragm usually closes (40,41). It
is supposed that the reasons lie in ambient and genetic factors (41). Holder et al. speculated
that the genetic defect of these two incidents could lie on the same gene (36).
Most recent studies state the survival rate of babies suffering from CDH between 67%
(42,43) and even 75% in isolated CDH cases (44). Survival rates vary widely. This is due
to different inclusion criteria (first prenatal diagnosis through to after birth) (45). Mature
born infants show better chances of survival than prematurely born children (42). After
fetal surgery has been performed, a survival rate up to 60% is reported (31). The short-term
complications include pneumothorax, wound infection, pleural effusion, pneumonia or
septicemia (46). Recurrence of CDH as a child or adult might also occur. Recurrence of
CDH may occur at any age, though it is most common during the first two years of the
patient’s life, especially between the 12th and 14th months (38). However recurrences are
also reported up to late childhood (47). Up to 80% of the patients suffer from
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gastroesophageal reflux. Up to 50% of patients develop deformity of the chest wall (35).
Bronchopulmonary dysplasia and reduced lung volume on the affected side may
accompany the children their entire life. Chronic pulmonary hypertension belongs to the
long-term complications as well (38). Ileus and neurological issues may also develop (35).
Patients may also suffer from enlarged vessels and common cardiac conditions, such as
defects of the ventricular septum and changes in cardiac outflow. Due to the bowel’s
expansion in the chest, abnormal or incomplete rotation of the intestine may also result in
symptoms (37).
Currently, most fetuses with CDH are detected before birth. They may be diagnosed on
prenatal ultrasounds as early as the 14th week of gestation (35). Intra-abdominal organs
may be seen in the thorax. Also the heart may be shifted to the right side (48). If diagnosed
before week 24, or if parts of the liver are seen in the chest, the prognosis is poorer (35,48).
The lung-to-head ratio (LHR) is the ratio between the contralateral “healthy” lung and the
head circumference. It is calculated using a 4-chamber view ultrasound and if greater than
1 is associated with a favorable outcome (49). When the LHR lies at 1.6 or above, the
survival rate rises to 83%. A LHR less than 1, in combination with liver herniation, is
associated with a survival rate of 11% (45). In cases of LHR less than 1, some centers offer
fetal endoluminal tracheal occlusion (FETO). With the help of a fetoscope a balloon is
placed into the trachea proximal to the bifurcation. Due to this tracheal occlusion, the
amniotic fluid is trapped in the bronchi which appears to promote lung growth (49).
Additionally, amniocentesis may be offered to exclude associated congenital
malformations and/or genetic defects (37).
After birth, affected neonates may suffer from cyanosis, respiratory distress and reduced
abdominal capacity, in combination with notables retractions of the thorax on the affected
side (35,37). Auscultation findings may include diminished or missing bruits on the side of
the hernia and bowel sounds in the chest (37). Sometimes active breathing or conventional
ventilation may be adequate. This early period is known as the so-called “honeymoon”
phase as the respiratory situation may only deteriorate in the following 24 to 48 hours
(35,46). The oxygenation status worsens and the neonate often needs further ventilatory
support. High resistance in lung arteries and concomitant high lung pressure may explain
this event (46).
The patient should be intubated and not ventilated by mask in order to avoid expansion of
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the bowel and stomach in the thorax. If the condition worsens, high-frequency oscillatory
ventilation with decreased pressure may be used. The application of surfactant is described,
but does not appear to be helpful (35,37). Extracorporeal membrane oxygenation (ECMO)
is also one of the options that will be offered to CDH patients in some centers. Most
centers follow the following inclusion criteria for ECMO: patient is older than 34 week of
gestation and weighs more than two kilogram (kg). Genetic disorders or syndromes are
contraindications as well (35). Medication is also given to raise the blood pressure and
therefore decrease the persisting fetal circulation (37). The benefit of ECMO remains
controversial and its use depends on each center due to limited availability and
complications (45).
At the beginning of the 1920s, the first CDH patient was operated through a thoracotomy.
This operative method is still practiced, especially on patients suffering from recurrence.
However, a laparotomy is the most common surgical approach. Currently minimal access
surgery (MAS) may substitute the open operative technique in appropriate neonates.
Laparotomy often makes it easier to mobilise the posterior edge of the diaphragm and the
abdominal organs, which may be found in the thorax. It also allows a close examination of
the intestines and the inspection of the mesentry and the bowel for malrotation (50). If
malrotation is confirmed in a CDH patient, a “Ladd’s procedure” may be performed. The
peritoneal bands (or “Ladd’s bands”) that pass over the duodenum is excised, the narrow
mesentry is widened and the intestines are put into non-rotated position (small bowel to the
right side and large bowel to the left side). Often an appendectomy is performed at the
same time (51).
Compared to open operative approaches, MAS appears to have a shorter recovering phase.
However, it is associated with a longer operation time and a higher recurrence rate. The
results also depend on the surgeon’s experience and the size of the diaphragmatic defect. It
is discussed controversially in many studies (52). CDH may be closed primarily or, if there
is not enough diaphragmatic tissue, with the help of a patch. Many centers have
demonstrated a recurrence rate up to 50% in patients treated with patches (53). The most
often used mesh is polytetrafluoroethylene, also known as Goretex®. Other nonabsorbable materials such as silicone or polypropolene are also common patch materials.
Goretex seems to cause less intra-abdominal adhesions but tends to shrink over time.
Absorbable materials are also used but seem to have a higher reported recurrence rate.
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Instead of synthetic material, muscle flaps may also be used to aid in closure of the
diaphragmatic defect. Components of the muscle of the abdominal wall, latissimus dorsi
muscle or the Toldt fascia serve as natural tissue to close the diaphragmatic defect. Whilst
the rate of infection is reduced, the operative repair takes much longer and might
predispose the patients to a higher risk of bleeding. The muscles may become atrophic due
to denervation. This is why this procedure has to be planned thoroughly in advance with a
back-up plan in case the technique is not successful (50). The perfect time for a surgical
restoration is not quite clear. It is crucial that the neonate’s cardiac condition and
respiratory status is stable pre-operatively. This may take up to several days or even weeks
in some severe cases (37).

1.6 The nitrofen model of CDH
The nitrofen model of CDH is a well-established model to create congenital diaphragmatic
defects and hypoplastic lungs in rodents. It is now the most commonly used animal model
for CDH and associated lung hypoplasia, and it has been shown to be an adequate model
for the study of the evolution of CDH (54). Nitrofen induces CDH in 60-90% and
pulmonary hypoplasia in 100%. It is also described as a teratogen substance (41).
Nitrofen is a herbicide and has been used on animal models since 1971 to evoke congenital
malformations such as CDH (54). It is a form of ether and belongs to the group of
chlorophenoxy herbicide (55). Keijzer and collaborators were one of the first groups to
analyze the effect of nitrofen on the pulmonary development: It could be shown that due to
nitrofen the evolution of lung branching is affected and the number of branches is
decreased. The outgrowth of the lung bud is not affected. The lung’s size is observed to be
smaller than during normal development. Differentiations of the epithelial cells are
postponed. Cell apoptosis is decreased on a molecular level. It was hypothesized that the
reason for a pulmonary hypoplasia could result from an insufficient interaction between the
increase and death of cells (41). Allan et al. demonstrated that nitrofen appeared to have a
negative effect on fetal and pulmonary weight. The reasons for its effect are not quite
understood (56).
The research group of Guilbert et al. in Colorado demonstrated that nitrofen diminished the
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number of lung buds and lung branching in fetal rats. This was observed to happen even
before the development of the diaphragm was completed. Therefore the effect of nitrofen
starts before day 16 (between day 12 and 13) of gestation (40).
The correct dose of nitrofen has also been widely discussed. Cilley et al. showed that the
impact of nitrofen, in order to induce a hypoplasia of the lungs or a CDH, depends on
dosage and the timing of its application. The results showed that 30% of mice fetuses that
had been given 25mg nitrofen on day eight of life developed lung hypoplasia and/or CDH
on day fourteen. When they were given more nitrofen on day eleven they didn’t
necessarily develop CDH or hypoplastic lungs (57). Kluth et al. determined that CDH only
appears on the left side in fetal rats after an application dose of 100mg nitrofen on the ninth
day of gestation. Application after day nine resulted in a right-sided CDH. They further
observed that the largest number of CDH was provoked by administration of nitrofen given
on the eleventh and ninth day (54).
Based on studies as described above many animal experiments have been conducted to
discover new findings regarding CDH, pulmonary hypoplasia and other associated
diseases.

1.7 Vascular endothelial growth factor (VEGF)
Vascular endothelial growth factor (VEGF) is an important signal protein which plays a
central role in vasculogenesis and angiogenesis in the developing lung (58,59). It is also
thought to be crucial in the evolution of bones, cancer cells, fertility in women and eye
diseases (58).
VEGF is created by type II pneumocytes and epithelial cells found in the bronchi. The
production of VEGF is stimulated by hypoxia as it expresses hypoxia-inducible
transcription factor (HIF-2α) and HIF-1α, which are produced by type II pneumocytes as
well (60).
Various types of VEGF exist. The VEGF family consist of the following members: VEGFa,-b,-c,-d,-e and the placental growth factor (PLGF) (61).
VEGF-a is in its native form a glycogen that bonds heparin. In adults it may be found
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commonly in sinusoidal endothelium (17). VEGF-a binds on receptor one and two. In fetal
mice lungs, VEGF-a arranges partially via receptor VEGFR-2 (17).
The heart, vascular smooth muscle cells and skeletal cells produce VEGF-b. It plays a role
in angiogenesis and the recruitment of cells originating from the bone marrow. VEGF-1r
and neuropilin-1 are the binding receptors. VEGF-c is the third member of the VEGFfamily. Kidneys, lungs, heart, neuroendocrine organs and vascular smooth muscle cells
activate VEGF-c. It binds to VEGF-2r, VEGF-3r and neuropilin-2. It is responsible for the
angiogenesis and the growth of lymphatic vessels. VEGF-d is produced in the same organs
and cells as VEGF-c. It activates receptor VEGF-2r and VEGF-3r. It stimulates lymphatic
vessels and angiogenesis. Viruses are the initiator of VEGF-e. As all the other members, it
is also involved in the angiogenesis. It binds to receptor VEGF-2r and neuropilin-1.
VEGF-f originates from snake venom. It regulates the permeability of vessels and
angiogenesis. Its receptor is VEGF-2r. The thyroid, the lungs and the placenta serve as
place of origin of PLGF. It also stimulates the regulation of VEGF-a. It binds to VEGF-1r
and neuropilin-1 (62).
As with most of the gene markers, VEGF needs receptors in order to create its effect. The
first one is called VEGF-1r or (61) Flt-1 (fetal liver tyrosinase-1). VEGF-1r is important
for the formation of the lungs and alveoli. The second receptor’s name is VEGF-2r or Flk1 (fetal liver kinase-1) (17) or KDR (kinase insert domain-containing receptor) (63). The
last receptor is called VEGF-3r or Flt-4. It only activates VEGF-c (61). It is found in cells
of the lymphatic system and helps to remove the lung liquid in the postnatal period (17).

1.8 Application of VEGF in the nitrofen model of CDH
In general intra-amniotic injection has been used in earlier studies and seems to be a
reliable form of application (64). It may be repeated several times and is associated with
low risk. In humans it belongs to the minimal invasive procedures (31) and injected agents
may reach the fetal lungs by inhalation during fetal breathing movements. Chen et al
investigated the effect of intra-amniotic VEGF injection on lung maturation. They found
out that VEGF-a improves the maturation of fetal lungs Another study showed that, if
applied intra-amniotically or intra-tracheal, VEGF-a stimulates the production of surfactant
protein and is beneficial against respiratory distress syndrome (60).
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As described above, VEGF-a seems to play a crucial role during the process of vessel
development. This is why VEGF might be involved in the process of microvascularization
in lungs. It might not only be crucial for the stimulation of endothelial cells, but also for
the growth of epithelial cells, especially in the distal airway (66). Petre et al. found that the
growth of the alveoli is strongly associated with the evolution of VEGF and other
important growth mediators. They reported studies in which rats were given anti-VEGF
supplements and showed diminished alveoli and thinner vessel walls (67). Zeng et al.
described a disturbed lung development during an overstimulation of VEGF (68).
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2 Materials and Methods
This particular study was aligned with a research project investigating the effects of growth
factors in lung hypoplasia in fetal rats with nitrofen-induced CDH. The department of
science

and

research

authorized

the

project

with

the

approval

number:

66.010/0011II/10b/2010.
Six pregnant Sprague Dawley rats were delivered from the Institute of Biomedical
Research, Division of Genetics and Laboratory Animal Knowledge of the University of
Vienna. The animals were raised in an acceptable environment and were kept in a manner
that was both ethically correct and appropriate to the species. The rats were housed at the
Institute of Biomedical Research of the Medical University of Graz.
On d9 100 mg of nitrofen dissolved in 1ml of olive oil was administered by gavage to the
dams. Before the intervention, the rats were briefly narcotized with Isofluran. VEGF was
administered on day 19 and 20 of gestation. The following sequences were executed on
both days:
The dams were put in a chamber, which was connected by a hose to the narcotic gas
“Isofluran” combined with oxygen. After successful narcotization, the rats were weighed.
They were put on their back and placed on a thermal pad and anesthesia was maintained by
continuous inhalation. Then the operating field was disinfected with povidone-iodine
(“Betaisodona”). One ml of the local anesthetic Lidocain (“Xylanest”) was diluted in 9ml
of physiological salt solution and a dose of 0.5ml was infiltrated in the surgical field. One
ml of Tramadol (“Tramabene”) and 1 ml of Enrofloxacin (“Baytril”), each mixed with 9ml
of distilled water („aqua destillata“) were injected in a dose of 1ml. A 1ml shot of
Carprofen (“Rimadyl”) plus nine ml of chloride were given in a 0.5ml dose. This
medication was used to prevent pain and bacterial infections. The next step was to put on
sterile gloves and to cover the rat with a surgical drape. The incision was drawn in the
middle right above the vagina. It was cut along and through the linea alba until the uterine
horns were exposed. Starting with the fetus next to the vagina the pups were numbered
until the last one next to the ovaries. Wet swabs covered them as protection. The fetuses on
the left uterine horn were treated with 50microliters (μl) VEGF-a. The ones on the right
uterine horn were injected with 50μl distilled water (placebo).
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VEGF-a was injected with a micro-syringe directly into the amniotic cavity and the
attempt was made to administer it close to the fetal mouth. After the administration was
finished, the pups and the uterine horns were put back into the abdominal cavity of the
dam. The wound was closed with continuous sutures. These steps were performed on both
days of intervention.
On day 21, all dams were weighed and narcotized. The abdomen was opened again and the
fetuses were delivered and weighed. Then the fetuses were decapitated and the diaphragm
was assessed for the presence of CDH. The sexes of the pups were determined. The lungs,
the heart and the diaphragm were dissected, weighed and frozen in liquid nitrogen. The
dams were euthanized. The right lungs were analyzed with reverse transcriptase
polymerase chain reaction (RT PCR) and the left lungs by immunohistochemistry (IHC).

2.1 Analysis with polymerase chain reaction (PCR)
In order to achieve the final results of the PCR several steps were required. They are listed
and explained below.

2.1.1 Isolation of the Ribonucleic acid (RNA)
The right lungs of the fetuses of the placebo and VEGF group were put on ice and
transferred to the laboratory of the Department of Gynecology and Obstetrics. There they
were put into new small “Eppendorf“-tubes.
To isolate RNA, 1ml of “Tri-Reagent” was pipetted into each tube. Then the samples were
rested for 5min in order for them to homogenize. “Tri-Reagent” is a liquid which consists
of guanidinium isothiocyanate and phenol (69). Guanidinium disables proteins and
RNAses. Phenol eliminates proteins and even small particles of Deoxyribonucleic acid
(DNA) (70). Three phases result after the sample has been centrifuged (69). On the bottom
proteins accumulate, which is characterized by a pinkish red color. The white interphase is
filled with DNA followed by a watery phase on top, which contains mainly RNA. In
practice 100μl Bromo-Chloroprane (BCP) were added instead of chloroform (71). The
mixture was blended and had to rest for 15 minutes. Then it was centrifuged for another 15
minutes. The first phase, containing the RNA, was pipetted and put into another small
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“Eppendorf”- tube. This had to be done carefully so the phases would not mix and pure
RNA could be extracted. An alcohol solution was used to precipitate the RNA. Each RNA
was enhanced by 0.5μl of isopropyl alcohol. This form of alcohol has a better impact than
ethanol (70). The mixed RNA was jogged and rested afterwards for 10min. Then the
sample was centrifuged for 8min. On the bottom RNA pellet occurred and the supernatant
was removed. Each pellet was washed by 70% ethanol and centrifuged for another 5min.
Ethanol frees the RNA from the remaining components of Isopropranol. The accrued
supernatant was poured away and the pellet was dried for about 2 - 3min. One hundred ml
of RNAses-free water was added to the pellet and then put into the machine called
“Thermomixer Comfort” for a better amalgamation of the RNA in the water. From this
mixture new samples were obtained. Twenty ml of the RNA-solution and 98ml of
RNAses-free water were mixed together. This new solution was used to measure the
concentration of nucleic acid. This concentration results from absorbance at a wavelength
of 260nm, a specific multiplication factor and dilution. It also serves as a parameter for the
purity of the RNA by calculating the proportion between the absorbance at a wavelength of
260 – 280nm. The optimum proportion should lie between 1.8 and 2.0. This method
remains the best due to its ability to disable RNAses quickly after the dissolution of the
cell. The final outcome offers a whole RNA consisting of tRNA (transfer-RNA), rRNA
(ribosomal-RNA) and mRNA (messenger RNA). For rt PCR, the small portion of 20% of
mRNA, is sufficient (70).

2.1.2 Complementary DNA (cDNA) synthesis
The cDNA is produced by the reverse transcriptase (RT). This enzyme assembles a
complementary DNA out of RNA. The cDNA is the basic substance (“template”) for PCR.
In theory RNA and primer are mixed together. A primer is an oligonucleotide that is used
as primary material to synthesize DNA. Heating the mixture destroys the secondary
structures of the RNA. In order to raise the primers, the mixture has to cool down. Reverse
transcriptase, nucleotides, buffer and suppressors of RNAses are added and kept warm at
37-42°C for about 60 minutes. Mülhardt describes these as the standard steps to synthesize
cDNA, where only the components should and could be interchanged or replaced. The
part, which is responsible for protein coding, is placed on the 5` end. The RT produces
cDNAs, which have a length of approximately 1000 or 2000 bases. The mRNA often has a
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length of 10000 bases and is therefore too long. To capture these important parts of the
mRNA, random hexamers are added. They dock somewhere on the mRNA and enable all
the areas of the mRNA and “not-mRNA” to be found in the cDNA (70).
In practice 1μl of RNA was diluted with 10μl of water and pipetted into colored “PCRSoftstrips”. A blank sample (= “non template control“) was prepared as well in order to
have a measurement and to see whether the samples were contaminated or not. For this
purpose 10μl of RNAses-free water was used. The mixture was shortly centrifugalized.
Then 1μl of random hexamer was used as primer and 1μl of dNTP was added. dNTP is a
mix of different bases called dATP, dGTP, dUTP and dCTP. The primer and dNTP are
subsumed under the term “Master Mix I”. These ingredients were all mixed together and
centrifuged.
Then the vessels were put into a device (“Thermal cycler”) for 5min to incubate at
65°C. Afterwards they were quickly put on thermal packs to cool down. Then 7μl “Master
Mix II” was added. Its ingredients are: 4μl buffer, 2μl DTT (Dithiothreitol) and 1μl of
“RNAse out” which inhibits ribonucleases. Then the “PCR-Softstrips” were mixed and
centrifuged again and put into the thermal cycler for another 2min at 25°C. When these
steps were done, 1μl of “SuperScript II” was added and mixed by pipetting up and down. It
contains reverse transcriptase. Now the solution included 20μl in total. It was put into the
thermal cycler for 10min at 25°C and then 50min at 42°C. The resulting cDNA was
interfused with 100μl RNAse- free water and stored at minus 20°C.

2.1.3 PCR
In general the most important ingredients for a PCR are polymerases for DNA, two
primers and initial DNA, which serve as templates. In summary the denaturation process
consists of 30 cycles at 30sec at 94°C, at 30sec at 55°C and 90sec at 72°C. To be certain
that the process of polymerization is finished, the final elongation takes 5min at 72°C. The
main steps of creating a PCR are:
1.)

Denaturation:

Starts

at

94°C

to

divide

the

cDNA.

Hybridization

of

Oligonucleotideprimer to single-stranded DNA happens when the temperature drops to
52°C. Afterwards the temperature rises to 72°C so that the primers get longer and a
double-stranded DNA develops again. This DNA is exact to the template-DNA. Only 5sec
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are needed to isolate the two strings of the DNA.
2.) Annealing temperature: It depends on the primer that is used. There are many devices
which calculate the point where the primer melts. It is recommended to melt the primer at a
temperature between 55 and 80°C so that the annealing temperature may also rise.
3.) Time of elongation: It varies depending on the expected result. When used at the Taq
(Thermus aquaticus)-Polymerase it takes between 30 and 60sec (70).
Many different kinds of DNA may be used as templates. In this project, cDNA was
utilized. Other examples are bacteria, DNA of phages, or, DNA of PCR that has already
been run through. In order to get an adequate result 1000 template-DNAs are needed.
The multiplication factor of the DNA-molecules lies between 1.6 and 1.7.
The taq-polymerase works best at a pH of eight. Tris-HCL is an often used buffer although
it’s pH 8.3 at a temperature of 20°C. It fluctuates according to different temperatures.
During the PCR it has pH between 7.8 and 6.8, which is too unstable. Therefore tris-buffer
is the recommended buffer since it has a pH between 8.55 and 9.0, which is ideal for the
taq-polymerase.
Different salts may accelerate the process or slow it down in correlation to the amount
used. Potassium chloride and ammonium sulfate are frequently used. The impact of the
magnesium and chloride salts is strong. They influence the development of primer dimer,
splicing of the DNA strands, the product itself and the error probability. Due to these
factors, the concentration of magnesium should lie between 0.5 and 2.5mM.
Not only does the salt concentration influence the work of the PCR but the amount of
nucleotides also plays an important role. A quantity of 200μM per one nucleotide is
described. Thereby 13μg of DNA may be produced from a 50μl preparation, which is not
realistic to reach. If the nucleotide’s concentration is kept this high, the process of
amplification may be disturbed and even totally disrupted. It is thought that the optimum
amount of nucleotides occurs around 12μl.
Essential for a well working PCR is the choice of primer. Normally it consists of 18-30
pairs of bases. If the input is very long, the amount of bases rises up to 25-35. To prevent
frame shifts and other mistakes no more than four equivalent bases should be placed one
after another. At the 3´end, at most two or three guanine or cytidine bases should be placed
for a better elongation. There is a slight chance that primers will build so called “hair pin”
structures inside of them. Certain programs on the computer may be used to diminish that.
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Close attention must be paid so that the primers don’t hybridize each other and no
primerdimere results, instead of a sufficient amplification. The common concentration of
primers is between 50 – 200 picomoles (pM) for a 50μl preparation.
The taq-polymerase represents the most often used polymerase. It is extracted from
bacteria called “thermus aquaticus”. This works most sufficiently with a temperature
around 74°C and with a pH greater than eight. It has an activation of 5´-3´-DNApolymerase and 5´-3´-exonucleases. It synthesizes 2800 nucleotides per minute.
The number of cycles is important as well. If the amount of product is greater than 1pM,
the ratio of augmentation diminishes. DNA may be copied repeatedly by synthesizing an
adequate DNA-strand initiated by the enzyme “DNA-polymerase”. The process is called
replication. A single strand of a DNA serves as a model for the enzyme to produce a
complementary strand. The synthesis is distributed from 5´end to 3´end. It is only possible
if the enzyme may use a 3`end with a free hydroxy-group. This is the point for nucleotide
bonding. DNA-polymerase builds DNA, which is a polymere consisting of
deoxyribonucleotides (70).

2.1.3.1 Real time quantitative PCR (rtq-PCR)
In this study rtq-PCR was used. Currently it is the best method to detect the amount of
nucleic acid. In the past ethidium bromide was added as a coloring to the DNA. It adsorbed
to the double-stranded DNA and intensified the fluorescence. The same method is
applicable today, although the colorant was enhanced and makes it possible, that each
molecule of the DNA unites with one colorant molecule. Therefore each reaction of the
PCR may be followed and the strength of the signal is a better one. Beside the right result,
undesirable products are produced as a side effect. It may be difficult to distinguish
between the result and the secondary effect, which is a common problem of the PCR.
To improve this process a third marked oligonucleotide has been added, with a blocked
3´end, to the PCR. Therefore the oligonucleotide cannot be the primer and is able to
hybridize between primers. When the taq-polymerase comes into contact with the marked
nucleotide during the development of a new strand, the strand is dissolved by the
oligonucleotide. As a consequence the radioactive label is set free and may be traced in a
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thin layer chromatography.
In the 1980s scientists described a revolutionary method and called it FRET (fluorescence
resonance energy transfer): after it is irradiated by light, the colorant fluorochrome
dismisses rays of light as energy (E1), which has a different kind of wavelength (A1). E1
stands for spectrum of emission and A1 for spectrum of animation. If we take another
fluorochrome and its A1, it was the same as E1 of the first fluorochrome molecule, the
energy between the two agglomerates. The second fluorochrome emits rays of light with
the gained energy, which is called E2. It is possible to measure the distance between
fluorochrome one and two. If E1 or E2 is identified one wants to determine if the two
molecules are far from (E1) or close to (E2) each other. Both spectra have different names,
depending on the point of measurement. The first fluorochrome is called reporter and the
second one quencher, if E1 is measured. When someone wants to know how close the
molecules are, fluor0chrome one is referred to as donor and fluorchrome two as acceptor.
A combination of all these techniques described above may be centralized in the concept of
“TaqMan”. E1 and E2 are placed on either 5´end or 3´end. They may be found on the same
oligonucleotide. The energy of E1 is low as long as the oligonucleotide is activated. If the
taq-polymerase releases the reporter (fluorochrome one) the amount of rays and energy is
increased. When the production of DNA rises, more components of the reporter develop
and the signal gets stronger (70).
In the following figures a short summary is presented. Figure 7 below shows the two
molecules of fluorochrome, positioned on 3´end and 5´end. The quencher diminishes the
reporter by applying FRET before the polymerase starts.
Furthermore the probe of the TaqMan is either attached to the DNA or not. Figure 8 below
shows the next step. The primer and the probe interrelate to the DNA. The polymerase
synthesizes a DNA strand.
After a phase of high temperature, the TaqMan-probe binds to the template and the primer
to the DNA. Nucleotides are given by the polymerase. The probe of the TaqMan vanishes
from the template DNA. During this phase, the reporter emits energy, after the quencher is
freed from the reporter. These steps are all illustrated in figure 9 below (72).
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Figure 7: Reporter (R) placed on the other side of the quencher (Q) (72)

Figure 8: Primer attaches to DNA (72)

Figure 9: Reporter gets discharged and taq polymerase adjoins nucleotides
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The analysis of the rtq-PCR is based on its kinetics. In the beginning the DNA increases
exponentially. The more it expands the more disturbing the side effects as artifacts will
occur. The number of nucleotides and primers minimizes and the polymerase is blocked
due to high temperatures. The process slows down because of the increased number of
pyrophosphates. These are probably the main reasons why the growth of the DNA stops.
The number of cycles serves as a guideline. During this time the fluorescent light crosses
the background level and the exponential growth is still operating. This parameter is called
the cycle threshold (ct) value. It is defined by the fluorescent value at which all fluorescent
curves may be found in the exponential increase. Then it has to be evaluated how many
cycles are needed so that the curves may reach this value. If the ct value is low, it means
that a high number of copied genes may be found (70).
Each gene expresses a different amount. This is demonstrated by the ΔΔ ct value (dctvalue). In order to be able to do that the performance of the two reactions in the PCR have
to be equivalent (70). The ct values of the lungs, which were treated with VEGF or
placebo, were decreased by the ct value of the house keeping gene: Hypoxanthine
phosphoribosyltransferase 1 (Hprt1) (73).
The house keeping gene is an assertive gene. Usually it keeps a continual base and is
expressed independent of processes in the assay (74). The Hprt1 activates processes which
lead to the development of the enzyme “hypoxanthine phosphoribosyltransferase 1“
develops. It arranges operations, which make the re-use of purines possible.
This guarantees that cells have enough resources to build nucleic acids (73).
The delta (Δ) ct values of the lungs, which were treated with physiological salt, were used
to calculate the mean Δ ct value of the placebo group. The same calculation was
undertaken for the ct values and the mean Δ ct value of the VEGF group. The ΔΔ ct value
was calculated by subtraction of the Δ ct values from the mean Δ ct value of both groups.
This was all theory. Now I want to talk about the practical use of rtq-PCR in our
experiment:
The already prepared cDNA was pipetted in 11μl amounts into a “96er-Well plate”. A socalled analysis mixture was added into the plate. It consisted of 22μl of Master Mix, 8.8μl
RNAse free water and 2.2μl gene expression assay. Thirty-three μl of this analysis mixture
were pipetted to the cDNA, which makes a total of 44μl. Five μl of the blank samples were
combined with 15μl of the analysis mix. The gene expression of Pecam1, Hprt1, TTF-1,
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VEGFa, IGF-1r, Flt-1, KDR, Bmp-4, FGF-10, IGF-2r, Plat, Pdpn and Mki67 were used.
The solutions (gene expression solution and blank sample solution) were first pipetted into
PCR Softstripes (44μl) and then in a double preparation with 20μl pipetted into the special
PCR plate. For an exact pipetting process, a prepared schema was used. Then the plate was
covered with lamination and stored in the fridge. The PCR was conducted within 12hours.
Before the plate was put into the TaqMan real time PCR device, they were centrifuged.
Forty cycles were run at the “TaqMan” at a sample volume of 20μl.

2.2 Analysis with immunohistochemistry (IHC)
This method is used to detect antigens located in cells and tissue. There are two ways to
prepare the editing material. One either uses “Formalin” or applies a method for freezing.
Actually, the IHC specializes in localizing amino acids (also called “epitope”), which are
sitting on an antigen and serve as detection markers.
At first, a so-called primary antibody is connected to an epitope of a wanted antigen. Then
this antigen-antibody bond may be identified by two different methods:
1.) Direct method: A molecule with gold or fluorescent coloring is bound to the primary
antibody. If the marker molecule is a kind of fluorescent color, a special microscope is
needed in order to see it well.
2.) Indirect method: In order to visualize the interaction between antigen and antibody,
secondary antibodies are used in this method. They are marked with a special molecule or
enzyme as well. Due to consecutive processes and an increased number of molecules, the
signal of proof is boosted (75).
In order to prevent the tissue from corroding, it has to be fixated by liquids or steam. It also
helps to tone the tissue, which makes the process of cutting easier. The solutions used for
fixating may destroy proteins by depriving water or chemical processes. As a side effect,
changes of texture (so-called “artifacts”) or even resolution of tissue may occur. Tissue
may even shrink.
By using a freezing method, the tissue becomes firm and is kept fresh for a short time.
When freezing the tissue, fixation solutions may be omitted as well. Without fixation, the
slides don’t have to be inlaid in alcohol and the fat cells remain. It is a quick method that is
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often used in the determination of tumor cells during surgery. After the material has been
frozen, it is cut with a microtome knife called a “Cryostat”. Artifacts due to water loss in
the tissue hardly occur and therefore cells keep their structural form better (76).
In this study the left fetal lungs of the rats were used for IHC. They were stored in liquid
nitrogen, reversed in cryotubes. They were taken out and cut into 7μm thin slides and dried
over night at a temperature of minus 20°C. As a fixation solution the slides, which were
used for the staining of Podoplanin, BMP-4, TTF-1, SMA, Ki67, FGF-10 and VEGF-a,
were put in 100% Methanol or Aceton. After the slides were dried, they were put on an
object plate. They were flushed with either PBS or Tris Base for 10min so that they
wouldn’t dry out. To block the peroxidase, the slides were treated for 30min with 0.3% of
hydrogen peroxide and alcohol. Then several different blocking puffers were poured over
the material for 1hr. After removing the buffers the staining began. The following primary
antibodies were used:
FGF10 (Santa Cruz Biotechnology): Santa Cruz FGF10 (H-121); sc-7917
Ki67: Monoclonal Mouse Anti-Rat Ki67 Antigen, M7248
Podoplanin (EUBIO): Anti-Rat Podoplanin Monoclonal Antibody
SMA: Monoclonal Mouse Anti-Human Smooth Muscle Actin
TTF1 (Abcam): Mouse Monoclonal to TTF1, ab72876
VEGF (Abcam): Mouse monoclonal (VG-1) to VEGF, ab 1316, IgG1
When this step was finished, the secondary antibody (BA 2001 or BA 1000) was added to
the adapted tissue by incubation. Then they were washed in TBS or PBS and incubated
again for 30 minutes with ABC. They were cleaned again with TBS or PBS and the
coloring with AEC+® started. After that they were colored with haematoxylin and eosin
and put in warm glycerin gelatin.
After the preparation was finished, five non-overlapping pictures were taken of each slide.
This was conducted with an Olympus camera, placed on the microscope. The pictures had
an amplification of 400. They were evaluated with the software program “ImageJ”. The
statistic evaluation was performed with “GraphPadPrism” (Version 6; GraphPad Software
Inc.).
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2.3 Cell markers
The following proteins were examined by IHC or PCR, or both.
α-SMA: It is expressed in developing small and large airways and in pulmonary vessels
and was therefore used as a marker for branching morphogenesis (77,78).
BMP4: It belongs to the group of bone morphogenetic proteins (79) and activates
branching in the lungs. BMP4 plays a role in the development of the proximal-distal axis
during the embryonic period (80) and is supposed to block sprouting of the lung buds,
which is induced by FGF-10 (81). BMP-4 was examined in this study with the help of PCR
to determine whether or not changes in the proliferation of lung sections were occured.
FGF-10: FGF-10 is required for proliferation of the epithelial cells and branching
morphogenesis in the developing lung. Celliere et al. suggested interactions of FGF-10
with Sonic hedgehog (SHH) and Patched (Ptc) were pivotal for developing branching
patterns that are required for lung branching formation (82). It also forces the formation of
BMP-4. It is hypothesized that FGF-10 is involved in the regulation of lung buds and in
pulmonary morphogenesis (80). Impaired signaling cell regulations and activation by FGF10/ SHH may cause hypoplasia of the lungs which may partly explain pulmonary
hypoplasia in infants with CDH (83). FGF-10 was chosen to see how VEGF influences its
impact by examining its gene expression and on IHC-level.
Flt-1: This is the VEGF receptor-1 (VEGFR-1), acting as a tyrosine kinase, and is
significant in the development of blood vessels and their formations (84). In this project it
was used as parameter in the PCR and IHC for augmentation of tissue.
FLK1/ KDR: This is the VEGF receptor-2 (VEGF-R2) (62) activating and stimulating
vasculogenesis and vessel permeability as well as the generation of the blood cells during
the embryonic period. It is also involved in the endothelial development and migration
(85).
IGFR-1 and IGFR-2: These are the receptors of the Insulin like growth factors-I and II.
The IGF actions depend on their selective interaction with their receptors. While IGF-1
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binds with high affinity to IGF-1R and with lower afﬁnity to IGF-2R and insulin receptors
(IR), IGF-2 binds with reducing affinity to IGF-2R, IGF-1R and IR, respectively (86).
Ki67: It is proliferation expressed only during the cell phases G1, S, G2 and M but is
absent during phase G0 and is therefore a marker for cell proliferation (87). Ki67 has
already been established in murine models (88,89).
PDPN (Podoplanin): It is also known as T1- α and is suggested to be involved in the
development of the lung and in the regulation of lymphatic vascular formation. It served as
a marker for the alveolar epithelial cells Type 1 (90). In this study it was used as a marker
for type I alveolar cells.
Pecam-1 (Platelet endothelial cell adhesion molecule-1): It is a cell surface glycoprotein from the family of cell adhesion molecules and is involved in cell-cell interactions
during growth. It is thought to play an important role in embryogenesis and development
(91).
Plat (Plasminogen activator tissue): It is a gene that is responsible for the process of
converting plasminogen into plasmin. It is involved in fibrinolytic processes. When it is
too low it may lead to thrombosis; when it is too highly expressed blood is less able to
coagulate. It is used as a marker for distal airway vessels (92).
TTF1 (Thyroid transcription factor): It is a homeobox-containing transcription factor
regulating branching morphogenesis and proximal distal patterning in the lung early in
fetal development (93). It is used as a marker for alveolar epithelial cells type 2 reflecting
lung maturation.
VEGF-a: VEGF is a key stimulator of angiogenesis that induces mitosis and migration of
vascular endothelial cells. In addition to promoting angiogenesis and neovascularization, it
is also a survival factor for newly formed blood vessels. Among the various effects of
VEGF in vascular and epithelial cells, it is suggested that the temporal-spatial expression
of VEGF is important, not only for the formation of the capillaries, but also for control of
the bronchial and alveolar growth. Changes in VEGF and its receptors cause a disturbance
of angiogenesis leading to a detrimental remodeling of small arteries (58,94).
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3 Results
Data were statistically evaluated by 2-tailed unpaired t-tests between the VEGF-group and
the placebo-group. If the p-value (p) is <0.05 it was considered statistically significant. The
data were illustrated as mean value and standard deviation (means ± SD).

3.1 Fetal mortality and quote of CDH
Fifty-one fetuses were included in the study. On day 19 and 20 of gestation, 39 of these 51
fetuses were still alive. On day 21 another six fetuses had died leaving 33 (64.7%) for
further analysis. With this, the fetal mortality was 35.2%. From these 33 rats, 16 (48.4%)
had a CDH. Ten out of these 16 were part of the VEGF-group. The other six belonged to
the placebo-group.

3.2 Fetal weights of body, lungs, placenta and their ratios
Total lung weight
In the VEGF-group mean total weight was 68.40mg ± 10.92mg compared to the placebogroup with 71.00mg ± 4.00mg (p= 0.587, Figure 10).
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Figure 10: Comparison of the fetal lung weights of both groups
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Left lung weight
The lungs belonging to the VEGF-group have a mean weight of 20.20mg ± 4.69mg and the
lungs belonging to the placebo group have a mean weight of 19.33mg ± 4.676mg (p=
0.725, Figure 11).
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Figure 11: Comparison of the left lung weights in both groups
Right lung weight
The VEGF-group shows results of 48.20mg ± 7.50mg and the placebo group of 51.67mg ±
3.44mg (p=0.309, Figure 12).
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Figure 12: Comparison of the right lung weights in both groups
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LL/RL (Left lung/right lung) ratio
The mean ratios of the left and the right fetal lung show values of 0.421mg ± 0.080mg in
the VEGF-group and 0.3784mg ± 0.1039mg in the placebo group (p=0.3738; Figure 13).
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Figure 13 Comparison of the fetal LL/RL ratios
Body weight
The mean body weight of the fetuses was 4182mg ± 396.2mg in the VEGF-group and
4316mg ± 221.6mg in the placebo group (p=0.4623, Figure 14).
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Figure 14: Comparison of the fetal body weights
LBWR (Lung/body weight ratio)
The mean lung-to-body weight ratio in the VEGF-group was 0.016mg ± 0.002mg versus
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0.0165mg ± 0.001596mg in the placebo group (p= 0.936, Figure 15).
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Figure 15: Comparison of the fetal lung-to-body weight ratio

Placental weight
The mean placental weight constitutes in the VEGF-group 490.8mg ± 53.41mg and in the
placebo- group 461.3mg ± 29.44mg (p=0.238, Figure 16).
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Figure 16: Comparison of the fetal placental weights
Placenta/BW ratio
The mean placenta-to-body weight ratio was in the VEGF-group 0.1178mg ± 0.01178mg
and 0.1069mg ± 0.005622mg in the placebo group (p=0.054, Figure 17).
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Figure 17: Comparison of the placenta-to-body weight ratio in both groups of fetal rat

3.3 PCR results
For the measurement of the mRNA (messenger-RNA) the right lungs were analyzed. The
dct-value (∆ct-value) was used to evaluate the p-value. The dct-value is calculated by the
ct-value of the house keeping gene minus the ct-value of the particular sample. The socalled “fold changes” (2-∆∆ct-values) show the changes in the regulation of gene
expression. If the ct-value is low or even negative it means that the point of ct has been
reached earlier. The ct-marker is the point at which the mRNA still has an exponential
increase. After this point, the snowballing is imperfect and no longer exponential. So if the
ct-value is low, the initial amount of examined mRNA is high during the PCR-cycles. This
is because not a many cycles are needed and therefore the ct-value is low. If the initial
amount of mRNA is low, the ct-value rises because more cycles of PCR are needed.
Expression of BMP-4 mRNA
The gene expression of BMP-4 didn’t reach a statistically significant (p= 0.281). The
VEGF-group results in - 3.419 ± 1.186 and the placebo group in -3.984 ± 0.3578 (Figure
18).
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Figure 18: Ratio of the mRNA-expression of BMP4 in relation to VEGF
Expression of FGF-10 mRNA
The PCR-results of FGF-10 were significantly down regulated. The VEGF group showed
the following results: 0.9864 ± 1.685 and the placebo group: - 0.5917 ± 0.2979 (p=0.042,
Figure 19).
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Figure 19: Ratio of the mRNA-expression of FGF-10 in relation to VEGF
Expression of IGF-1r mRNA
The mean mRNA-expression of IGF-1r showed values of - 2.483 ± 1.429 in the VEGFgroup and values of - 3.130 ± 0.6476 in the placebo-group (p=0.317, Figure 20).
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Figure 20: Ratio of the mRNA-expression of IGF-1r in relation to VEGF
Expression of IGF-2r mRNA
Statistically the expression of the mRNA correlates in the VEGF-group 0.2089 ± 1.385 and
in the placebo group - 1.236 ± 0.4043 (p=0.011, Figure 21).
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Figure 21: Ratio of the mRNA-expression of IGF-2r in relation to VEGF
Expression of Ki67 mRNA
The VEGF-group shows values of 2.760 ± 1.653 and the placebo-group of 1.099 ± 2.562
(p=0.093, Figure 22).
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Figure 22: Ratio of the mRNA-expression of Ki-67 in relation to VEGF
Expression of Pecam-1 mRNA
The VEGF-group was -3.497 ± 1.546 and the placebo group was -4.856 ± 0.450 (p=0.058,
Figure 23).
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Figure 23: Ratio of the mRNA-expression of Pecam in relation to VEGF
Expression of Plat mRNA
The VEGF group shows a result of - 0.8012 ± 2.045. The group of rats treated with
placebo shows a gen expression of - 2.859 ± 0.4052 (p= 0.031, Figure 24).
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Figure 24: Ratio of the mRNA-expression of Plat in relation to VEGF
Expression of Podoplanin mRNA
The mRNA-expression leads to results in the VEGF-group of - 7.332 ± -6.461 and in the
placebo group of - 7.117± -6.689 (p-value=0.083, Figure 25).
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Figure 25: Ratio of the mRNA-expression of Podoplanin in relation to VEGF
Expression of TTF-1 mRNA
The VEGF-group presents - 1.444 ± 1.334 and placebo - 3.233 ± 0.3874 (p=0.007, Figure
26).
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Figure 26: Ratio of the mRNA-expression of TTF-1 in relation to VEGF
Expression of VEGF-a mRNA
The rat lungs, which belong to the VEGF-group, have a value of -4.814 ±1.319 and the
placebo group of - 5.614 ± 0.7074 (p=0.195, Figure 27).
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Figure 27: Ratio of the mRNA-expression of VEGF-a in relation to VEGF
Expression of VEGF-1r (Flt1) mRNA
The VEGF-group shows results of - 0.8282 ± 1.593 and the placebo-group of - 2.228 ±
0.5484 (p=0.059, Figure 28).
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Figure 28: Ratio of the mRNA-expression of Flt-1 in relation to VEGF
Expression of VEGF-2r (Kdr/Flk) mRNA
The placebo group depicts results of - 3.455 ± 1.966 compared to the VEGF group - 3.568
± 1.239 (p=0.890, Figure 29).

PCR ratio of VEGF-2r (Kdr)
2.0

PCR ratio

1.5
1.0
0.5

F

Pl

VE

G

ac
eb
o

0.0

Group

Figure 29: Ratio of the mRNA-expression of VEGF-2r in relation to VEGF

3.4 IHC Results
None of the markers below reached a statistically significant p-value.
Staining of Ki67
The VEGF-group shows values of 95.60 ± 56.56 and the placebo group shows values of
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92.29 ± 50.05 (p= 0.9026, Figure 30).
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Figure 30: Number of positive cells of Ki67 in VEGF-, and placebo group
Staining of FGF-10
The VEGF-group has a value of 106.8 ± 42.48 and the placebo group of 150.3 ± 57.65
(p=0.0926, Figure 31).
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Figure 31: Number of positive cells of FGF-10 in VEGF-, and placebo group
Staining of Podoplanin
The rat lungs included in the VEGF-group results in a value of 88.60 ± 43.80. The ones
treated with placebo results in a value of 85.86 ± 53.05 (p= 0.9087, Figure 32).
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Figure 32: Number of positive cells of Podoplanin in VEGF-, and placebo group
Staining of TTF-1
The VEGF-group depicts results of 196.3 ± 112.1, where the placebo group has a value of
174.9 ± 97.84 (p=0.689, Figure 33).
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Figure 33: Number of positive cells of TTF-1 in VEGF-, and placebo group
Staining of SMA
The VEGF-group states a value of 80.90 ± 45.12 and the placebo-group states a value of
63.29 ± 17.70 (p=0.3455, Figure 34).
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Figure 34: Number of positive cells of SMA in VEGF-, and placebo group
Staining of VEGF-a
The lungs of rats treated with VEGF show a value of 157.4 ± 59.67 versus 154.1 ± 64.28 in
the placebo-group (p=0.9159, Figure 35).
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Figure 35: Number of positive cells of VEGF-a in VEGF-, and placebo group
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4 Discussion
This study aimed to evaluate, whether intra-amniotically applied VEGF-a would generate a
positive effect on lung hypoplasia in the nitrofen model of CDH. It is part of an extensive
research project that engages in finding therapeutical solutions to effectively improve fetal
lung growth. Former studies from our institution have tested the impact of intraamniotically administered Igf-1 and Igf-2 on hypoplastic lungs. It was observed that Igf-1
administration had no beneficial effect on pulmonary hypoplasia, at least in the applied
dose and application form. However, Igf-2 administration seemed to improve the
proliferation of alveolar cells and lung branching. The task of this study was to test the
effect of VEGF-a administration on hypoplastic lungs in nitrofen-induced CDH.
The nitrofen model of CDH is a well-established rodent model. It has been applied in many
studies on rats and mice and is considered a reliable initiator of CDH and associated
pulmonary hypoplasia. The exact pathophysiologic mechanism, by which nitrofen acts, has
not been elucidated yet. A recent study has reported that nitrofen downregulates the
production of VEGF during gestation and attenuates its peak, despite preservation of type
II pneumocytes. It was therefore speculated, that altered VEGF expression may have a
crucial role in the pathogenesis of nitrofen-induced CDH (95).
It is well known that VEGF plays an important role in the vasculogenesis and angiogenesis
of the lung, where it is locally produced by type II pneumocytes (96). Various studies on
the nitrofen model have already focused on VEGF.
The study group of Sanz-Lopez et al. found out that VEGF is significantly decreased in
fetal rat lungs exposed to nitrofen (97). Oue et al. reported that VEGF was significantly
increased following dexamethasone application in CDH positive rat fetuses. It was
therefore concluded that VEGF plays a role in formation of vessels in the lung A study
group in Brazil investigated the gene expression of VEGFR-1 and VEGFR-2 in the
nitrofen-induced CDH model. The results showed that fetal rats with and without
diaphragmatic hernia and with hypoplastic lungs had significantly diminished VEGFR-1
and VEGFR-2 receptors (98). Another study reported that VEGF-a was not produced by
the healthy pulmonary endothelium, since it only occurred in fetuses with CDH and
associated hypoplastic lungs. High expression levels of VEGF-a had been found in vessels
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with small diameters. It was suspected that this was part of a compensatory processes (99).
However, in the present study we could not demonstrate a positive effect of VEGF-a
administration on lung development, at least by the applied number, route and dose of
administrations. Gene expression levels of VEGF, as well as VEGF receptors were even
decreased in comparison to placebo group – although results did not reach statistical
significance. One of the reasons for this result could be that external administration of
VEGF-a could initiate a negative feedback mechanism that could subsequently lead to a
reduction of internal VEGF production. Researchers from Taiwan found out that VEGF, if
injected intra-amniotically in a dose of 5.0 µg, has a positive effect on surfactant protein.
They speculated that VEGF-a entered the lungs by inspiration during breathing movements
of the fetus (63). In order to provide an equal distribution of VEGF-a we opted for an intraamniotic injection in our study. With this technique each rat pup received 5.0 µg of VEGFa injected into the amnion on two subsequent days. Another advantage of intra-amniotic
application was the possibility of having diverse groups within the same dam. In this way
fetuses could be divided into control, placebo and VEGF-a group.
The fetal pups were weighed, as well as their placenta and lungs. The application of
VEGF-a did not alter fetal body weight and lung weight. In our former IGF-study, fetal
body weights and lung weight were lower in fetuses exposed to nitrofen than fetuses
without nitrofen exposure. It has been described in various studies that nitrofen influences
the body weight of the fetuses (97,100). The low lung weight obviously results from lung
hypoplasia. However, in our present study we did not inverstigate a control group without
nitrofen.
Right lungs were analysed using qRT-PCR in order to see the effect of VEGF-a on
different markers important for lung development on the gene expression level. FGF-10,
IGF-2r and Plat showed significant decreased values. TTTF-1 was dramatically down
regulated by VEGF-a. These results suggest a negative impact of VEGF-a administration
on lung branching, proliferation and lung growth. It is possible that the reason for the down
regulation of these markers is also a negative feedback mechanism. Timing could also be
an issue: Maybe VEGF-a administration at a different time point could show positive
effects on lung development. Another reason might be the applied dose of VEGF-a.
Compernolle et al. reported that after an intra-amniotic injection of 0.5 µg VEGF, there
was hardly evidence of VEGF passing the epithelium in the alveoli (60). This leads to the
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assumption, that the chosen application dosage of 5.0 µg might have been too much and
leads to undesirable effects. It may also be, that altered pharmacokinetics by adding
carriers to the applied agent may change these results.
Voelkel et al. stated, that Plat and FGF (101) promote the development of VEGF (99,102).
We found low values of Plat and FGF-10. Maybe nitrofen leads to a decrease of Plat and
FGF gene expression and therefore VEGF might have been diminished as well if it wasn’t
applicated additionally. Also an overregulation and availability of VEGF could lead to
decreased Plat and FGF-10 mRNA expression.
It has been reported that insulin-like growth factors (IGFs) play an important role in the
process of lung vasculogenesis by activating VEGF via HIF1α. It has also been reported
that IGF 1 and 2 increase the gene expression of VEGF (109).
Nagata et al. described in their studies a rise of the gene expression of IGF during the
course of lung development. Hence IGF seems to be beneficial for the pulmonary growth
in late stages of fetal lung development (104). In our study IGF-2r gene expression was
significantly down regulated and IGF-1r gene expression levels were also decreased although they did not reach statistical significance. However, our results suggest, VEGF-a
administration does not seem to have a positive effect on the IGF signaling pathway.
The gene expression of FGF-10 was described to be low in the nitrofen model of CDH,
analyzed with RT-PCR (105). FGF-10 is an important lung proliferation marker. This leads
to the argument that lack of FGF-10 might cause pulmonary hypoplasia. In our study,
FGF-10 was also decreased which could be a reason or a consequence of pulmonary
hypoplasia.
TTF-1 is an important marker for lung branching (106). It belongs to the family of Nk2
homeobox 1(Nkx2.1) which is crucial for the synthesis of surfactant (107). Since surfactant
is produced in pneumocytes type II, TTF-1 is used as a parameter for these cells. In our
study TTF-1 expression levels were down regulated which might imply a decreased
number of produced pneumocytes.
Left fetal lungs were examined to see whether protein expression could be found or not.
None of the markers could show any significance difference in protein expression levels
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between VEGF and placebo group. This means that RT-PCR sensed mRNA expression,
whereas the results of the IHC didn’t provide any significance.
The gene expression and protein expression of VEGF-a seems to be downregulated in the
nitrofen model in several studies (95,97). However, studies such as Campernolle et al.
suggest a positive effect of intra-amniotic application of VEGF-a on lung growth and
differentiation in a murine model of pulmonary prematurity and respiratory distress
syndrome (RDS). VEGF showed positive effects on premature lungs and might therefore
be beneficial in the prevention of RDS (60). Brown et al. reported similar effects of
exogenous VEGF-a. They examined human fetal lungs from abortions between week 16
and 20 of gestation. For four days, the lungs were put in serum-free solution with or
without human recombinant VEGF. Then the tissue was analyzed for immunoreactivity of
proliferating cells and whether VEGF influenced the mRNA expression of surfactant
proteins. VEGF seemed to have a negative impact on the production of surfactant (66).
However, despite all these investigations, the impact of VEGF-a on CDH and pulmonary
hypoplasia is still discussed controversially. Research about CDH and its development of
concomitant diseases is still in its fledgling stages. Intra-amniotic administration of VEGFa appears to have suppressing effect on lung branching, proliferation and lung growth of
hypoplastic lungs and does not seem to be beneficial. Further studies are required to
investigate the effect of VEGF in the nitrofen model. Also the route of administration, the
timing, dosage and pharmacokinetic may be subjects of further investigation.
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