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Preterm birth
In the Western world 5 to 13 percent of all babies are born preterm, defined as less than 
37 completed weeks (259 completed days) of gestation [1, 2]. In the Netherlands 7.7 
percent of infants were born preterm between 22 and 36 weeks of gestation in 2008 [3]. 
Preterm birth is the most important cause of perinatal morbidity and mortality, causing 
nearly 75% of neonatal deaths in the Netherlands in 2008 [3, 4]. Since 1990 there 
has been a steady increase in the preterm birth rate in several developed countries, 
which has been accompanied by an increased survival of these preterm babies [2, 3, 
5, 6]. For a large part this increase in survival and decrease in mortality and morbidity 
can be explained by the introduction of new therapeutic interventions, such as the 
administration of maternal corticosteroids and surfactant replacement therapy [7]. 
Corticosteroids are given to mothers when there is an imminent risk for preterm delivery 
[7]. Both corticosteroids and surfactant replacement therapy serve to facilitate lung 
function in the preterm neonate to improve neonatal outcome.

Causes of preterm birth
The onset of preterm birth can be subdivided in three distinct categories: 1) preterm 
labor with intact membranes, 2) preterm premature rupture of the membranes (PPROM) 
and 3) labor induction or cesarean delivery based on medical indications of maternal or 
fetal health [4, 8]. Preterm labor and PPROM are both classed as spontaneous preterm 
birth, whereas the third category is classed as indicated preterm birth [4, 8].

A great variety of maternal risk factors for preterm birth have been identified, ranging 
from demographic risk factors (such as ethnicity, socioeconomic and educational 
status) and genetic predispositions to environmental exposures (such as smoking and 
nutrition) [4, 9, 10]. There are many different causes that can trigger biological pathways 
leading to spontaneous preterm birth. Most commonly these pathways are 1) activation 
of the maternal/fetal hypothalamic-pituitary-adrenal (HPA) axis (for instance by 
maternal stress), 2) infection and inflammation, 3) placental dysfunction and 4) uterine 
overdistension (for instance during a multiple pregnancy) [4, 11]. Of these pathways, 
infection and inflammation is likely one of the most common mechanisms as bacterial 
infection of the intra-uterine environment present in many cases of preterm birth [11, 
12], likely up to 50% [11, 13]. Intra-uterine infection often does not affect the mother 
and is therefore clinically silent, but is diagnosed by histological examination of the fetal 
membranes and microbial analysis of the amniotic fluid. If the chorionic and amniotic 
membranes are inflamed, this is referred to as chorioamnionitis, a term which is often 
used to indicate the fetal inflammatory response following an intra-uterine infection. 
Bacterial presence in the amniotic cavity does not necessarily induce preterm birth 
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[14-16], although the percentage of diagnosed intra-uterine infections is much higher 
in very preterm infants compared to near term and term infants [13, 17, 18]. It is not 
clear when during pregnancy these infections start and manifest themselves, although 
different routes of microbial invasion have been described in literature and studied in 
animal models. The most common route is thought to be ascent through the vagina and 
cervix, with bacteria penetrating the fetal membranes [13, 19]. Other possible invasion 
routes include transfer from the maternal circulation through the placenta, descent from 
the fallopian tubes or by invasive procedures [13, 20]. A wide variety of bacteria have 
been identified in the amniotic fluid and membranes of preterm infants [21-23], yet 
the bacteria most frequently associated with intra-uterine infection and preterm birth 
are Ureaplasma spp. [24-26]. Not only can intra-uterine infection lead to preterm birth; 
there is a growing body of epidemiological studies which link chorioamnionitis and even 
intra-uterine exposure to specific bacteria to the development of multiple diseases of 
prematurity [27-32]. This link is even stronger in infants who showed signs of having 
mounted an inflammatory response to the intra-uterine infection, the fetal inflammatory 
response syndrome (FIRS) [28, 33, 34].

Consequences of preterm birth
The severity of the outcome of the preterm neonate after preterm birth is first and 
foremost dependent on the gestational age at birth. Nearly all infants born before 
24 weeks gestational age (GA) die in the neonatal period (first 28 days), yet survival 
rates increase dramatically with increasing GA and weight at birth [35]. If these infants 
do survive, they often require medical treatments to support their immature organs 
to function outside the protected environment of the womb, without the placental 
circulation to provide oxygen, nutrients and immunological support. The first problem 
these infants face is breathing, as the surface area of their lungs is not large enough yet 
to absorb enough oxygen. Most preterm children will have been treated with maternal 
corticosteroids before birth, leading to a maturational response of the lung, which will 
improve breathing by enhancing surfactant production and facilitating gas exchange. 
In addition, preterm infants are ventilated to ensure that sufficient oxygen enters the 
systemic circulation. Other organs however also struggle to cope with life outside the 
uterus. Because of immature epithelial barriers (skin, lungs and intestinal system) and 
an immature immune system, the majority of preterm infants suffer from infections and 
sepsis. Major risk factors for these infections are the very instruments that aid survival: 
ventilation tubes and intravenous catheters needed for nutritional support. Depending 
on the gestational age, the epithelial barriers of the intestines are too immature to cope 
with food and the emerging gut flora. The developmental immaturity of the organs and 
their incapacity to deal with the challenges of life outside the womb, mostly oxygen and 
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inflammation, leads to the development of diseases of prematurity. The most common 
diseases are Respiratory Distress Syndrome (RDS) and Bronchopulmonary Dysplasia 
(BPD), or Chronic Lung Disease of prematurity (CLD), in the lung (discussed in more 
detail in the section “Lung Development”), Necrotizing Enterocolitis (NEC) in the gut, 
white matter injury and Periventricular Leukomalacia (PVL) in the brain, Patent Ductus 
Arteriosus (PDA) in the circulation and Retinopathy of Prematurity (ROP) in the eyes 
(Figure 1) [28].

Figure 1: Diseases of prematurity associated with chorioamnionitis [28]
From infancy until young adulthood, children who were born preterm continue to have a 
higher morbidity and develop more disabilities that those born at term. The prevalence 
and severity of these problems is generally inversely related with gestational age at 
birth. The most frequently reported long term outcomes are of a neurodevelopmental 
nature, including severe outcomes like Cerebral Palsy (CP) and mental retardation, but 
also auditory and visual impairments, learning disabilities, attention deficit-hyperactivity 
disorder (ADHD) minor neuromotor dysfunction, behavioral and socio-emotional 
difficulties [35-37]. Children who had been born preterm and developed BPD are 
frequently admitted to hospitals with respiratory infections [38, 39]. As these children 
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grow older, they usually have a poor lung function [38] and more frequently develop 
a wheezing phenotype and asthma compared to age-matched children born at term 
[40]. Other long term consequences which have been observed in survivors of preterm 
birth include growth retardation [35, 41] and an increased risk for the development of 
cardiovascular and kidney disease [42]. 

Lung development
In postnatal life, the lungs fulfill a crucial role in the development of the other organs, 
as they supply the oxygen which the newborn needs to grow and develop into a healthy 
adult. Within a limited amount of space within the human body, the lung needs a large 
surface area, of around 140 m2 in the adult lungs, for gas exchange to supply enough 
oxygen to the circulation [43]. To achieve such a large gas exchange area, the lung is 
made up of efficiently branched airways in a tree-like structure, in which all airways 
are flanked by capillaries which carry the red blood cells for oxygen transport. For life 
inside the uterus, the lungs are however not necessary, as the fetus receives oxygen 
through the placental circulation. For this reason, the fetal circulation partially bypasses 
the lung through the ductus arteriosus, which connects the pulmonary artery to the 
aorta. Nonetheless, the lung needs to grow and develop in utero so that it can support 
the newborn as soon as it is born. 

Overview of lung morphogenesis
Human lung morphogenesis starts around the 4th week of embryonic development 
when the lung arises from endodermal cells of the foregut and starts to grow into the 
surrounding mesenchyme. At the end of the embryonic phase, tubes have formed the 
mainframe of the main structures in the lung, including the trachea and the major bronchi 
which will grow into the separate lung lobes. Subsequent developmental processes 
in the lung can be divided into four phases: the pseudoglandular phase (7-17 weeks), 
canalicular phase (16-27 weeks), saccular phase (24-36 weeks) and alveolar phase (36 
weeks-postnatal) (Figure 2) [43-45]. These phases overlap somewhat, as the rostral side 
of the lungs develops slightly faster than the caudal side. During the pseudoglandular 
phase, the major bronchi divide and branch up to 20 generations to form the terminal 
bronchioli [46]. The terminal bronchioli sprout several canaliculi during the canalicular 
phase, which grow to become respiratory bronchioli and alveolar ducts. These structures 
will form the functional respiratory part of the lungs. Once the alveolar ducts are formed 
they grow a multitude of little sacs during the saccular stage. Meanwhile, the vast 
capillary network which has developed in parallel with the respiratory structures, grows 
into the mesenchyme of the saccular walls (called the primary septa) to provide the basis
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Figure 2: Stages of lung development [43] 
for the gas exchange with the circulation. The cells lining the primary septa differentiate 
into epithelial alveolar type I cells, which will facilitate gas exchange into the capillaries, 
and the secretory alveolar type II cells. From this stage on, the degree of lung maturation 
is clinically dependent on the extent of surfactant production and secretion by the 
alveolar type II cells, which allows the lungs to expand during breathing cycles without 
collapsing. Towards the end of gestation, the alveolar sacs are divided into alveoli by 
the outgrowth of secondary septa, which drastically increases the surface area for gas 
exchange. This process is orchestrated by myofibroblasts, which produce focal deposits 
of elastin and from there direct the outgrowth of the secondary septa by closely 
interacting with surrounding epithelial and endothelial cells [47-49]. This process marks 
the start of the alveolar phase, also called alveologenesis or alveolarization. Once alveoli 
have formed the septa undergo a stage of maturation for optimal function. During this 
maturation, the alveolar septa undergo mesenchymal thinning to shorten the distance 
between the air and circulation compartments [44, 45]. Furthermore, the initial double 
capillary network residing in the septa mature into a single capillary system, which 
further optimizes the gas exchange from the alveoli into the circulation [44, 45]. There is 
currently no consensus among scientists on when or even whether alveolarization ends 
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at all, as there is evidence that it may continue well into adulthood [44, 50].

Regulation of lung development
By the time the lungs are fully formed, on average they will have around 23 generations 
of conducting and respiratory airway branches and around 500 million alveoli, consisting 
of numerous specialized cell types [43, 51]. Despite the large body of knowledge 
concerning the morphogenesis of the lung, the intercellular communications that 
regulate growth, migration and differentiation during lung development are still a 
topic of ongoing research. There is however a general consensus that many different 
signals are needed to drive lung development, including transcription factors, growth 
factors, cell-cell interactions and even fluid pressure in the lungs [52]. At the heart of 
this complex network there are several peptide growth factors and their downstream 
signaling components, which form a toolkit for growth and are used for autocrine and 
paracrine signaling in cells.

Among some of the best characterized growth factors and their signaling components 
in early lung development are the evolutionary conserved Fibroblast Growth Factor 
(FGF), Transforming Growth Factor β (TGFβ), Bone Morphogenic Protein (BMP), Sonic 
Hedgehog (Shh) and Wingless-Int (Wnt). At the very start of lung morphogenesis, the 
outgrowth of primary lung buds from the early trachea is directed by FGF10 [53, 54]. 
Throughout the branching process of the airway tree, FGF10 is expressed in the distal 
tips of the outgrowing buds in what has been called the “distal tip signaling center” [52]. 
In this distal tip signaling center there is a fine balance in the expression of not only 
FGF9 and FGF10, but also TGFβ, BMP, Shh and Wnt signaling pathway components and 
inhibitors [55-60]. By crosstalk between these pathways, and by different spatiotemporal 
expression of pathway components between the epithelium and the mesenchyme, 
outgrowth and branching morphogenesis is meticulously regulated [52, 56, 57, 61]. More 
specifically, FGF10 and BMP4 stimulate outgrowth respectively from the mesenchyme 
and epithelium [56], and are regulated by Shh and Wnt signaling components Wnt2, 
Wnt5a and Wnt7b [58-60, 62]. TGFβ1 functions as a negative regulator of branching, 
inhibits FGF10 expression, and is highly expressed at the bifurcation site between 
branches where it stimulates the production of extracellular matrix proteins like collagen 
I and III [63-65]. The three isoforms of TGFβ (1, 2 and 3) are produced in different tissue 
compartments during lung development [66]. Although all three isoforms are needed 
for normal lung development, their functional differences have not yet been elucidated 
[67-70].

Much less is known about the intercellular communications that direct the saccular 
and alveolar phase of lung development. Multiple studies have demonstrated that FGF 
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signaling is crucial for myofibroblast differentiation and subsequent onset of secondary 
septation [71-74]. Wnt, BMP and TGFβ signaling components have also been implicated 
to play a role in fibroblast differentiation during alveolarization [75-77]. Additionally, 
correct deposition of extracellular matrix (ECM) proteins by myofibroblasts, like elastin 
and collagen, plays a crucial role during secondary septation [78, 79]. These and other 
ECM components may exert their role in lung development by functioning as a scaffold 
for the growth factors to coordinate the growth interactions of cells [80].

Bronchopulmonary dysplasia 
When infants are born preterm, their lungs have just progressed into the saccular phase 
of development, and may even partially still be in the canalicular phase in the case of 
very preterm infants. The maternal administration of corticosteroids prior to preterm 
birth leads to thinning of the primary septa, which narrows the air blood barrier, and 
stimulates the production of surfactant, which stabilizes the alveolar sacs and prevents 
collapse after exhalation. Although this improves neonatal outcome and survival of 
the infant, the antenatal corticosteroids have the unwanted side-effect of inhibiting 
secondary septation and impairing microvasculature development [81-84]. Exposure 
to intra-uterine inflammation, postnatal sepsis, ventilation and hyperoxia all lead to 
inflammation and lung injury affecting the immature lung. One of the most common 
complications seen in these children, especially the very premature, is the development 
of BPD, defined as a requirement for oxygen at 36 weeks of postmenstrual age [85-
87]. Histologically, the lungs of BPD patients have fewer but very large alveoli, increased 
levels of elastin and an impaired microvasculature [88, 89]. Although there is a clear 
association between the above mentioned adverse events and the development of BPD, 
the mechanistic link remains unclear. There is some evidence that TGFβ is involved, 
as it is elevated in the bronchoalveolar lavage fluid of infants that develop BPD [90, 
91]. Findings from several different animal models of BPD support the role of TGFβ 
signaling in lung simplification [92-95], and have also hinted at the involvement of Wnt 
signaling [96]. Furthermore, infants that develop BPD are often deficient in vitamin A, 
whose derivative retinoic acid regulates FGF10 and Shh, and is needed for secondary 
septation [72, 74, 97-99]. Because the basic molecular mechanisms underlying saccular 
and alveolar development remain unclear, more research is needed to understand how 
inflammation, corticosteroids, injury and repair may disturb normal lung development 
in the preterm infant.

Outline of this thesis
Even though a healthy, functional developing lung is paramount for a good outcome of 
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preterm infants, hardly anything is known about how inflammation and corticosteroids 
affect the molecular mechanisms that direct saccular and early alveolar development in 
the fetal lung. Knowledge of these processes is necessary for a better understanding of 
the development of BPD, and more importantly, for the development of prevention and 
treatment options for BPD. The main focus of this thesis was therefore to give insight 
into how the developing lung and the pathways that orchestrate lung development are 
affected by antenatal stimuli, such as inflammation and corticosteroids. For this purpose 
preterm lambs were used, as the timing of their lung development in utero is highly 
similar to human fetal lung development (Figure 3).

Figure 3: Sheep versus human lung development [100]
Many preterm infants likely have been exposed to both chorioamnionitis and antenatal 
corticosteroids. Therefore we assessed how the fetal lung responds to sequential 
exposure to a pro-inflammatory stimulus (LPS) and antenatal corticosteroids with 
respect to inflammation and maturation in chapter 2.

The inflammation mounted by the fetal lung, as a response to chorioamnionitis, 
is probably one of the factors that initiate the development of BPD. In chapter 3 we 
exposed fetal lambs to Ureaplasma parvum, the bacteria most commonly found in 
histologic chorioamnionitis, to confirm that these bacteria can trigger an immunologic 
response and affect the developing lung in utero.
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TGFβ signaling is involved both in inflammation and in lung development and repair; 
therefore we evaluated the changes of TGFβ signaling components in several models of 
antenatal events. In chapter 4 we assessed fetal lungs exposed to a single or repeated 
exposure to a pro-inflammatory stimulus (LPS) and its effects on Caveolin-1, a negative 
regulator of TGFβ signaling, the TGFβ induced Smad, Stat and acid-sphingomyelinase/
ceramide pathways and heme oxygenase (HO)-1. In chapter 5 we studied the effects 
of sequential exposure to LPS and antenatal corticosteroids on TGFβ signaling and 
its downstream regulated genes CTFG and Caveolin-1. To evaluate the effects of 
polymicrobial exposure on TGFβ signaling, we exposed fetal lambs sequentially to LPS 
and Ureaplasma parvum in chapter 6.

In chapter 7 we explored whether other pathways important for lung development, Wnt 
and Shh signaling and their downstream mediators FGF10 and BMP4, were affected by 
exposure to LPS-induced inflammation and antenatal corticosteroids.

To conclude, chapter 8 provides a discussion of the presented research, clinical 
perspectives and a recommendation for future research towards understanding how the 
developing lung responds to injury and repair.
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Abstract
The pro-inflammatory stimulus of chorioamnionitis is commonly associated with 
preterm delivery. Women at risk of preterm delivery receive antenatal glucocorticoids 
to functionally mature the fetal lung. However, the effects of the combined exposures 
of chorioamnionitis and antenatal glucocorticoids on the fetus are poorly understood. 
Time-mated ewes with singleton fetuses received an intra-amniotic injection of 
lipopolysaccharide (LPS) either preceding or following maternal intra-muscular 
betamethasone 7 or 14 days before delivery, and the fetuses were delivered at 120 
days gestational age (GA) (term=150 days GA). Gestation matched controls received 
intra-amniotic and maternal intramuscular saline. In comparison with saline controls, 
intra-amniotic LPS increased inflammatory cells in the bronchoalveolar lavage and 
myeloperoxidase (MPO), Toll-like receptor 2 and 4 mRNA, PU.1, CD3, and Foxp3-positive 
cells in the fetal lung. LPS induced lung maturation measured as increased airway 
surfactant and improved lung gas volumes. Intra-amniotic LPS induced inflammation 
persisted until 14 days after exposure. Betamethasone treatment alone induced modest 
lung maturation, but when administered before intra-amniotic LPS, suppressed lung 
inflammation. Interestingly, betamethasone treatment after LPS did not counteract 
inflammation but enhanced lung maturation. We conclude that the order of exposures 
of intra-amniotic LPS or maternal betamethasone had large effects on fetal lung 
inflammation and maturation.

Introduction
Chorioamnionitis, defined as inflammation of the fetal membranes, complicates up to 70% 
of preterm deliveries before 30 weeks of gestation [1]. The epidemiological associations 
of preterm infants exposed to chorioamnionitis are fetal systemic inflammation and lung, 
brain and gastrointestinal injury [2, 3]. Lung inflammation may initiate a progressive 
injury that results in bronchopulmonary dysplasia [4]. However, the exposure of the fetal 
lung to inflammation associated with chorioamnionitis also increases surfactant proteins 
and lipids with salutary effects on respiratory distress syndrome [5-7].

Antenatal corticosteroids are a standard treatment given to mothers at risk of imminent 
preterm birth to induce lung maturation [8]. Lung maturation induced by corticosteroids 
results from the simultaneous induction and suppression of multiple genes that have 
the net effects of increasing surfactant lipids, surfactant proteins and thinning of 
the lung mesenchyme to increase the potential airspaces [9-11]. Clinical studies and 
experimental evidence suggest that antenatal corticosteroids are also efficacious in the 
setting of chorioamnionitis [12-14]. The delivery of many women given corticosteroids 
is delayed for several days to weeks [15], and chorioamnionitis is clinically silent in a 
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majority of women [5]. Therefore, the combined exposures of antenatal corticosteroids 
and chorioamnionitis are common in the preterm fetus, but the order of exposures can 
vary.

We reported previously that simultaneous exposure of the preterm sheep fetus to 
antenatal corticosteroids and lipopolysaccharide (LPS) suppressed the pulmonary 
inflammation for 1 to 2 days after the exposure but amplified the inflammatory response 
to chorioamnionitis 5 to 15 days after the exposure [16, 17]. However, it is not known 
if the order of exposure is important in mediating lung inflammation and maturation. 
Therefore, we aimed to study the interactive effects of chorioamnionitis and antenatal 
corticosteroids on the inflammatory and maturational response in the fetal lungs 
in a clinically relevant preterm sheep model of chorioamnionitis [18]. We tested the 
hypothesis that the order of exposure to maternal betamethasone and intra-amniotic 
LPS will differentially impact lung surfactants and inflammatory responses in the preterm 
fetus. Fetal sheep were exposed in utero to intra-amniotic LPS or antenatal maternal 
intra-muscular betamethasone, with an interval of 7 days between the two interventions. 
Furthermore, we asked if the order of exposure to antenatal corticosteroids and intra-
amniotic LPS altered fetal lung outcomes.

Materials and methods

Animal model and sampling protocol
All studies were approved by the Animal Ethics Committees at The University of Western 
Australia and Cincinnati Children’s Hospital Medical Center. Time-mated ewes with 
singleton fetuses were randomly assigned to one of six treatment groups to receive an 
intra-amniotic (IA) injection of lipopolysaccharide (LPS) (10 mg Escherichia Coli 055:B5, 
Sigma Chemical, St. Louis, MO, USA), intra-muscular (IM) injection of betamethasone 
(Beta) (Celestone Soluspan, Schering-Plough, North Ryde, New South Wales (NSW), 
Australia, 0.5 mg/kg maternal weight) or an equivalent injection of saline (controls) at 107 
days and/or 114 days GA in different permutations and combinations (Figure 1). All ewes 
in this study received a single intra-muscular injection of 150 mg medroxyprogesterone 
acetate (Depo-Provera, Kenral, NSW, Australia) at 100 days GA to prevent preterm birth 
induced by betamethasone treatment [19]. Lambs were surgically delivered at 120 days 
GA (term = 150 days GA) and euthanized with 100 mg/kg pentobarbital. The fetus was 
weighed and fetal cord blood was collected. Following opening of the chest, a deflation 
air pressure-volume curve was measured from static inflation of the lung to 40 cm 
H2O airway pressure [20]. The lungs were removed, separated and weighed prior to a 
bronchoalveolar lavage of the left lung with 0.9% NaCl [20]. The bronchoalveolar lavage 
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fluid (BALF) was used for differential cell counts and surfactant measurements. Lung 
tissue from the right lower lobe (RLL) was snap frozen and the right upper lobe (RUL) was 
inflation-fixed in 10% buffered formalin for 24 hours.

Figure 1: Study design. 
Pregnant ewes received an intra-amniotic injection of lipopolysaccharide (LPS) and/or an intra-
muscular injection of betamethasone (Beta) and/or an equivalent injection of saline for control 
animals at 107 days and/or 114 days gestation (GA). Lambs were delivered preterm by cesarean 
section at 120 days GA (term = 150 days GA).

Surfactant proteins and cytokine mRNA quantitation
Total RNA was isolated from frozen lung tissue of the RLL using a modified Chomzynski 
method and mRNA quantitation was performed using real-time PCR [21]. Gene expression 
was measured for surfactant proteins and cytokines: SP-A, SP-B, SP-C, IL-1β, IL-6, IL-8, 
CP-1 and Serum amyloid A3. The mRNA was reverse transcribed to yield a single-strand 
cDNA (verso cDNA kit, Thermoscientific, UK), which was used as a template with primers 
and Taqman probes (Applied Biosystems, Carlsbad CA, USA) specific to sheep sequences 
[22]. The values for each cytokine were normalized to the internal 18S rRNA. Data were 
expressed as fold increased over control values.

Toll-like receptor mRNA quantitation
For the Toll like receptor (TLR) mRNA measurements, total RNA was extracted from frozen 
lung tissue of the RLL using the SV Total RNA Isolation system (Z3100, Promega, Madison, 
USA) according to the manufacturer’s instructions. Genomic DNA contamination was 
removed by treatment with RQ1 DNase (M610A, Promega) and the RNA was tested 
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for the presence of genomic GAPDH. Briefly, PCR amplification for the detection of 
genomic DNA was performed with DNA Taq Polymerase (M124B, Promega) at 95 °C for 
5 minutes followed by 40 cycles at 95 °C for 30 seconds, 55 °C for 45 seconds and 72 °C 
for 30 seconds. Total RNA was used as a template. PCR products were analyzed on 1.5 
% agarose gels. Total RNA was reverse transcribed with the First Strand cDNA synthesis 
kit (4379012001, Roche-Applied, Mannheim, Germany) according to manufacturer`s 
instructions using anchored oligo-primers. Primers for real time PCR (RT-PCR) were 
constructed based on published ovine or bovine cDNA sequences (Table 1). Dilution

Table 1: Primers used for RT-PCR

Gene Sequence (5’-3’) Amplicon 
size

Tm Accession code 
(RefSeq)

TLR2 Fw: GGCTGTAATCAGCGTGTTCA 160bp 64°C NM_001048231.1
Rv: GATCTCGTTGTCGGACAGGT

TLR4 Fw: GAGAAGACTCAGAAAAGCCTTGCT 200bp 65°C NM_001135930.1
Rv: GCGGGTTGGTTTCTGCAT

TLR9 Fw: CCCTGGAGAAGCTGGACAT 175bp 60°C NM_001011555.1
Rv: GACAGGTCCACGAAGAGCAG

experiments were performed to ensure similar PCR amplification efficiency of the primers. 
RT-PCR reactions were performed in duplicate with the LightCycler 480 SYBR Green I 
Master mix (4707516001, Roche-Applied) on a LightCycler 480 Instrument according 
to the manufacturer`s instructions. RT-PCR results were normalized to cyclophilin A, a 
household gene, and mean fold changes in mRNA expression were calculated by the 
ΔΔCt-method [23].

Surfactant saturated phosphatidylcholine (Sat PC) and SP-D
SP-D in the BALF was measured with a sandwich ELISA using rabbit anti-ovine SP-D as 
coating antibody and guinea pig anti-ovine SP-D a secondary antibody [24, 25]. Sat PC 
was isolated from the BALF using organic solvent extraction, osmium tetroxide and 
neutral alumina followed by a phosphorus measurement [26].

Immunohistology 
The following antibodies were used to identify different cell types: CD3 – T cells, 
Myeloperoxidase – activated neutrophils and monocytes, PU.1 – maturation marker for 
myeloid cells, Pro-Surfactant protein-C (SP-C) – maturation marker for alveolar type II 
cells, thyroid transcription factor-1 (TTF-1) – alveolar type II cells, Foxp3 – Regulatory 
T-cells. Paraffin embedded RUL lung sections (4 μm, transverse) were stained for CD3 
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(DAKO A0452, Dakocytomation, Glostrup, Denmark), myeloperoxidase (MPO) (DAKO 
A0398, Dakocytomation) PU.1 (sc-352, Santa Cruz Biotechnology, Santa Cruz, USA), 
Foxp3 (14-7979, eBioscience, San Diego, USA), thyroid transcription factor-1 (TTF-1) 
(WRAB-1231, Seven Hills Bioreagents, Cincinnati OH, USA) or Pro-SP-C (WRAB-9337, 
Seven Hills Bioreagents). Briefly, the sections were deparaffinized in an ethanol series 
and endogenous peroxidase-activity was blocked by incubation with 0.3 % H2O2 in 1x 
phosphate buffered saline (PBS, pH 7.4) or methanol (for TTF-1 and Pro-SP-C). Antigen 
retrieval was performed by incubating the sections in heated citrate buffer (10 mM, pH 
6.0) for 30 minutes. In order to block nonspecific binding, the slides were incubated 
with 20 % normal goat serum (NGS) in PBS (for MPO and Foxp3), 5 % bovine serum 
albumin (BSA) in PBS (for CD3 and PU.1) or 2 % NGS in PBS (for TTF-1 and Pro-SP-C). 
Sections were incubated overnight at 4 °C with the diluted primary antibody (CD3 1:200, 
MPO 1:500, PU.1 1:400, Foxp3 1:30, TTF-1 1:100, Pro-SP-C 1:1500). After incubation 
with a goat-anti-mouse biotin labeled (for Foxp3) (DAKO E0433, Dakocytomation) or 
swine-anti rabbit biotin labeled secondary antibody (DAKO E0353, Dakocytomation), 
immunostaining was enhanced with Vectastain ABC peroxidase Elite kit (PK-6200, 
Vector Laboratories, Burlingame, USA) and stained with nickel sulfate-diaminobenzidine 
(NiDAB). Subsequently, the sections were rinsed in Tris/saline and incubated with Tris/
cobalt. After counterstaining with 0.1 % Nuclear Fast Red, the sections were washed, 
dehydrated and cover-slipped. 

Since the air-space expansion and tissue characteristics were different in the different 
groups, we measured tissue area in the lung sections. Blinded measurements of tissue 
fractions (expressed relative to the total lung area) were performed in 5 random non-
overlapping fields (20x objective) for each animal and for at least 4 animals/group using 
the color threshold function of the program metamorph v6.1r0 (Molecular devices/
Universal imaging corp., Sunnyvale CA). The average measurement from each lamb 
was used to compute a group average. The tissue fractions in different experimental 
groups were normalized to the control group average to obtain a correction factor. For 
example, if the tissue fraction in an experimental group was 1.2 times control, then the 
cells counted per microscopic field were divided by 1.2. Thus the expressed cell counts 
per microscopic field incorporated this correction factor. 

Evaluation was performed by light microscopy (Axioskop 40, Zeiss, Germany) with 
LeicaQWin Pro v.3.4.0 software (Leica Microsystems, Germany). MPO-, CD3-, PU.1- and 
Pro-SP-C positive cells were counted in three representative high power fields at 200x 
magnification by a blinded observer and averaged per animal. Because Foxp3 positive 
cells were unevenly distributed throughout the lung tissue, sections were scored for 
positive signal for Foxp3 with a semi-quantitative scoring system by a blinded observer: 
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1 – little staining, 2 – light staining, 3 – heavy staining. For TTF-1, a computer aided 
manual count of 5 random fields at 200x magnification per animal was performed, using 
the computer program metamorph (Image-Pro Plus v7.0). The MPO, CD3 and TTF-1 cell 
counts per microscopic field incorporated the correction factor for tissue fraction. The 
SP-C positive cells were expressed relative to TTF-1 positive cells to assess if changes were 
due to increased expression in each of the alveolar type II cell vs. increased numbers of 
alveolar type II cells in different groups.

Data Analysis 
Results are given as means ± standard error of means (SEM).  The groups were compared 
using one-way ANOVA with Tukey’s test for post-hoc analysis as appropriate. Statistical 
analysis was performed by GraphPad Prism v5.0. Significance was accepted at p<0.05.

Results

Description of animals
The experiments were prospectively designed to test the interactions of antenatal 
corticosteroids and intra-amniotic LPS exposure. Despite the medroxyprogesterone 
acetate treatment, animals exposed to maternal betamethasone experienced fetal losses, 
such that we reassigned animals from the group which only received betamethasone 14 
days before delivery to other treatment groups as our priority was to test the interaction 
of betamethasone and LPS. The intra-amniotic LPS injections were not associated with 
fetal losses, but fetal deaths identified by ultrasound and fetal losses were frequent in 
the betamethasone treated groups (Table 2). All animals had comparable birth weights 
except for a lower birth weight for animals with combined exposure to LPS 14 days and 
betamethasone 7 days before delivery. Cord blood pH values and lung to body weight 
ratios were comparable across all groups.

Table 2: Variables at birth

Treatment group Fetal outcomes Birth 
weight

Cord 
blood

Sex Lung 
Wt/

Body Wt
Fetal 
death

Abortion Alive kg pH M/F g/kg

Control 1 - 7 2.7±0.2 7.24±0.03 3/4 32.7±0.9
7d LPS - - 7 2.5±0.1 7.26±0.02 3/4 33.6±1.2
14d LPS - - 8 2.5±0.1 7.27±0.02 5/3 37.1±1.8
7d Beta 2 1 7 2.7±0.2 7.20±0.04 4/3 36.7±0.8
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Treatment group Fetal outcomes Birth 
weight

Cord 
blood

Sex Lung 
Wt/

Body Wt
Fetal 
death

Abortion Alive kg pH M/F g/kg

14d Beta + 7d LPS - 3 6 2.7±0.1 7.25±0.04 1/5 36.2±2.4
14d LPS + 7d Beta 1 1 8 2.1±0.1* 7.25±0.03 4/4 39.9±2.7

Data expressed as mean ± SEM. * p<0.05 vs. controls using a one-way ANOVA with Tukey’s post 
hoc test. LPS- Lipopolysaccharide, Beta- Betamethasone, GA- Gestational age, Wt- weight, M - 
male, F - female.

Lung inflammation 
Pulmonary inflammation resulting from 
LPS and the anti-inflammatory effect 
of betamethasone exposures were 
assessed by differential cell counts on 
the BALF (Figure 2). Neutrophil levels 
were modestly increased 7 days after the 
exposure to LPS and significantly increased 
14 days after LPS exposure (Figure 2A). 
This increase did not occur in lambs 
exposed to maternal betamethasone 
7 days after intra-amniotic LPS. In this 
group, however, there was a 10-fold 
increase in monocytes, which was not 
seen in the groups exposed to LPS only 
(Figure 2B). Lymphocyte numbers did not 
differ in experimental groups compared 
to controls (Figure 2C). 

Figure 2: Differential cell count of the 
bronchoalveolar lavage. 
A: Neutrophil levels increased 14 days after 
the exposure to LPS. B: Combined exposure to 
LPS for 14 days and betamethasone for 7 days 
increased monocytes in the bronchoalveolar 
lavage. C: The lymphocyte count did not differ 
in any of the treatment groups compared to 
controls. * p<0.05 versus controls using a one-
way ANOVA with Tukey’s post hoc test.
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Lung inflammation was further characterized by identifying markers for activation 
of inflammatory cells (Figure 3). MPO-positive cells were significantly increased 14 
days after LPS exposure (Figure 3A-D). Betamethasone pre-treatment 7 days before 
the LPS exposure prevented the increase of MPO-positive cells in the fetal lung. 
However, betamethasone given 7 days after LPS only partially inhibited the influx of 
LPS-mediated MPO-positive cells. PU.1 expression, which is a transcription factor that 
indicates maturation of monocytes [27], increased 7 days after LPS exposure in the 
fetal lung (Figure 3E-H). This increase in PU.1 positive-cells could be prevented by pre-
treatment with betamethasone 7 days before the LPS exposure. However, exposure to 
14 days LPS followed by betamethasone for 7d increased PU.1 expressing cells in the 
lung. LPS exposure for either 7 or 14 days increased the number of CD3-positive cells 
in the fetal lung (Figure 3I). The groups exposed to both betamethasone and LPS did 
not show a significant increase in CD3-positive cells compared to controls indicating 
that betamethasone pre- and post-treatment both countered the LPS-induced influx of 
CD3-positive cells. Foxp3-positive cells only increased in the lung tissue 7 days after LPS 
exposure (Figure 3J), which was inhibited by betamethasone pre-treatment.

Figure 3: Characterization of inflammatory cells in the fetal lung tissue.
A: Quantitation of myeloperoxidase expressing cells in lung sections per microscopic field 
corrected for the tissue fraction (see methods for details). Representative photomicrographs 
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of immunostaining against myeloperoxidase using lung sections from B: Controls C: 14d 
Bethamethasone + 7d LPS D: 14d LPS + 7d Betamethasone. Myeloperoxidase (MPO) -positive cells 
increased in the lung tissue 14 days after LPS exposure compared to controls. E: Quantitation of 
PU.1 expressing cells in lung sections per microscopic field. Representative photomicrographs of 
immunostaining against PU.1 using lung sections from F: Controls G: 14d Bethamethasone + 7d 
LPS H: 14d LPS + 7d Betamethasone. LPS exposure for 7 days and combined exposure to LPS for 14 
days and betamethasone for 7 days increased the number of PU.1-positive cells in the fetal lung. 
Betamethasone treatment 7 days before the LPS exposure prevented this increase. I: The number 
of CD3-positive cells increased significantly 7 and 14 days after LPS exposure compared to controls. 
J: Foxp3 expression increased 7 days after LPS exposure compared to controls. Betamethasone 
treatment before the LPS exposure prevented this increase. * p<0.05 versus controls § p<0.05 
between experimental groups using a one-way ANOVA with Tukey’s post hoc test.

Consistent with our previous observation of maximal induction of cytokines 2 d after 
exposure [28, 29], the mRNA expression of IL-1β, IL-6, IL-8 and MCP-1 were only modestly 
increased 7days after LPS exposure compared to controls (Table 3). Combined exposure 
to LPS and betamethasone had no significant effect on lung cytokine mRNA expression. 
The mRNA levels of Serum amyloid A, an acute phase reaction protein expressed in 
the lung and liver [30], increased 7 days after the LPS exposure compared to controls. 
Betamethasone pre-treatment prior to the LPS exposure suppressed this increase. The

Table 3: Cytokine and acute phase reactant expression in the fetal lung

Treatment group IL-1β 
mRNA (fold 

increase)

IL-6 mRNA 
(fold 

increase)

IL-8 mRNA 
(fold 

increase)

MCP-1 
mRNA (fold 

increase)

Serum 
Amyloid A3 
mRNA (fold 

increase)
Control 1.0±0.2 1.0±0.3 1.0±0.2 1.0±0.2 1.0±0.7
7d LPS 3.5±0.5* 0.9±0.1 4.7±0.8 3.7±0.4 29±10*
14d LPS 3.1±0.6 1.1±0.2 4.2±1.5 3.8±0.9 12±8.0
7d Beta 1.2±0.3 1.0±0.3 1.0±0.4 1.3±0.3 1.2±0.5
14d Beta + 7d LPS 1.8±0.4 0.8±0.1 2.1±0.8 1.7±0.5 4.3±3.0
14d LPS + 7d Beta 3.2±1.5 1.6±0.8 4.3±2.3 5.0±3.2 31±26

Data expressed as mean ± SEM. * p<0.05 versus controls using a one-way ANOVA with Tukey’s post 
hoc test. LPS- Lipopolysaccharide, Beta- Betamethasone.

mRNA levels of TLR2 (Figure 4A) and TLR4 (Figure 4B) more than doubled after 7 days 
of LPS exposure, but returned to control levels 14 days after exposure. Pre-treatment 
with betamethasone 7 days prior decreased the LPS induced increase in TLR4 but not 
TLR2 mRNA. Levels of TLR9 mRNA did not change in experimental groups compared to 
controls (Figure 4C). 
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Figure 4: Expression of Toll-Like Receptors (TLR) 2, 
4 and 9. 
TLR2 (A) and TLR4 (B) mRNA expression were 
up-regulated 7 days after LPS exposure, but 
returned to baseline 14 days after exposure to LPS. 
Betamethasone treatment before LPS exposure 
prevented increased TLR4 expression, but not TLR2 
expression. TLR2 and TLR4 mRNA levels increased in 
the lungs of lambs which received betamethasone 
after LPS exposure, although these levels were not 
higher than levels measured in controls. C: TLR9 was 
not differently expressed in experimental groups 
compared to controls. *p<0.05 versus controls; § 
p<0.05 between experimental groups using a one-
way ANOVA with Tukey’s post hoc test.

Surfactant components
Exposure to LPS alone modestly and variably 
increased SP-A and SP-B mRNA levels (non-
significant) (Table 4). However, the combined 
exposure to LPS followed by betamethasone 
resulted in a more consistent and significant 
increase in SP-A and SP-B mRNAs. SP-C mRNA 
expression did not change with either the 
betamethasone or LPS exposure. SP-D mRNA 
expression increased 14 days after the exposure 
to LPS alone or with betamethasone 7 d after 
LPS (Figure 5A). Consistent with the mRNA 
data, combined exposure to 14d LPS followed 
by betamethasone 7 d exposure significantly 
increased SP-D protein in the BALF (Figure 5B). 

To better assess the changes in the alveolar type II cells, we immunostained fetal lung 
sections using antibodies against TTF-1 and the precursor form of SP-C (Pro-SP-C) [31]. 
TTF-1, a transcription factor for alveolar type II cells [31], did not change in any of the 
treatment groups indicating no change in the alveolar type II cell numbers after exposure 
to either LPS or betamethasone (Table 4).
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Table 4: Markers of lung maturation

Treatment group SP-A 
mRNA 
(fold 

increase)

SP-B 
mRNA 
(fold 

increase)

SP-C 
mRNA 
(fold 

increase)

Pro-SP-C+ 
cells/HPF

TTF-1+ 
cells/HPF

Control 1.0±0.4 1.0±0.3 1.0±0.6 38±17 514±37
7d LPS 4.6±0.6 1.9±0.2 1.7±0.7 131±17* 501±25
14d LPS 7.5±2.6 2.4±0.4 0.4±0.1 83±11 307±14
7d Beta 1.4±0.2 1.1±0.1 0.2±0.1* 52±10 400±17
14d Beta + 7d LPS 5.6±3.3 1.8±0.6 1.0±0.3 67±11 269±19
14d LPS + 7d Beta 10.5±2.2* 2.7±0.3* 0.6±0.1 51±9 327±19

Data expressed as mean ± SEM. * p<0.05 versus controls using a one-way ANOVA with Tukey’s post 
hoc test. LPS- Lipopolysaccharide, Beta- Betamethasone, HPF-High powerfield.

Figure 5: SP-D mRNA and protein expression. 
A: SP-D mRNA levels increased 14 days after the exposure to LPS irrespectively of the betamethasone 
post-treatment. B: Only combined exposure to LPS for 14 days and betamethasone for 7 days 
increased SP-D protein expression in the bronchoalveolar lavage fluid. Exposure to LPS for 14 days 
did not increase SP-D protein expression. * p<0.05 versus controls § p<0.05 between experimental 
groups using a one-way ANOVA with Tukey’s post hoc test. 

However, compared to controls, the number of Pro-SP-C-positive cells increased 
significantly 7, and 14 days after the exposure to LPS, and after 14d LPS+ 7d Beta, 
indicating maturation of alveolar type-II cells (Figure 6A-E). 



 Fetal lung exposure to LPS and corticosteroids

35

Figure 6: Pro-SP-C immunostaining in the lung. 
The number of pro-SP-C+ cells was expressed as a percentage of TTF-1 positive cells (data in table 
4). Representative photomicrographs of immunostaining using lung sections from A: Controls B: 
7d LPS C: 14d LPS + 7d Betamethasone D: 14d Bethamethasone + 7d LPS. E: Quantitation of Pro-
SP-C expressing cells in lung sections per microscopic field using a 20X objective. LPS exposure 
increased Pro-SP-C expression in the alveolar 670 type II cells in the lung. (*p < 0.05 vs. controls, 
scale bar is 50 μm).

Saturated phosphatidylcholine (Sat PC) is the major surfactant lipid [32]. Exposure to 
intra-amniotic LPS for 7 or 14 days increased Sat PC in the fetal airspaces (Figure 7A). 
Betamethasone alone did not significantly increase Sat PC expression. However, the 14 
days LPS exposure followed by betamethasone 7d had the highest airway Sat PC levels 
(Figure 7A). Consistent with increases in surfactant Sat PC, lung volumes, a measure 
of compliance, increased in all the LPS groups regardless of betamethasone exposure, 
with the highest lung volumes recorded in the 14d LPS followed by 7d betamethasone 
exposure group Figure 7B).
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Figure 7: Saturated phosphatidyl-
choline (Sat PC) and pressure-
volume curves. 
A: Sat PC levels in the 
bronchoalveolar lavage fluid were 
increased 7 and 14 days after 
exposure to intra-amniotic LPS. 
Betamethasone post-treatment 
7 days after the exposure to LPS 
increased Sat PC levels further. 
B: The pressure-volume curve 
of animals after 14 days of 
LPS exposure was significantly 
higher compared to controls 
irrespectively of treatment with 
betamethasone. * p<0.05 versus 
controls; § p<0.05 between 
experimental groups using a one-
way ANOVA with Tukey’s post hoc 
test.

Discussion
Lung inflammation, increased airway surfactants and increased lung volumes consistent 
with clinical lung maturation are the major effects of experimental chorioamnionitis [28, 
29]. In this study we evaluated if the exposure to the commonly used anti-inflammatory 
drug betamethasone altered the responses to LPS in the fetal lung. The major conclusion 
was that betamethasone when administered 7 days after intra-amniotic LPS did not 
inhibit lung inflammation but resulted in striking lung maturation. However, when 
betamethasone was given 7 days before intra-amniotic LPS, lung inflammation was 
suppressed and lung maturation was more modest.

Intra-amniotic LPS caused lung inflammation at 7 and 14 days after exposure. Both 
neutrophils and T-lymphocytes were recruited to the lung. Further, the neutrophils 
were activated as demonstrated by the MPO expression [33]. The influx of pro-
inflammatory cells was also accompanied by an increase in Foxp3-positive cells, a 
prototypic marker of the anti-inflammatory T-regulatory cells [34]. The number of 
cells expressing PU.1 also increased which suggests maturation of lung monocytes, a 
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characteristic for LPS-mediated pulmonary inflammation [27]. Both the TLR2 and TLR4 
mRNA levels increased in the lung tissue after LPS. Consistent with our previous results 
demonstrating an early rapid induction profile for cytokine expression [28], the mRNAs 
for pro-inflammatory cytokines were only modestly increased 7d after exposure in the 
present study. Interestingly, betamethasone treatment 7d prior to LPS significantly 
decreased LPS induced lung inflammation. However, when LPS exposure preceded 
betamethasone treatment, lung inflammation was not altered. We previously reported 
that a concomitant administration of maternal betamethasone and LPS resulted in an 
early suppression but later amplification of lung inflammation [16, 17]. Thus, the timing 
of exposure to betamethasone in relation to the pro-inflammatory stimulus is a major 
determinant of modulation of lung inflammation.

Maternal betamethasone and intra-amniotic LPS have different pharmaco-kinetic 
profiles in the fetus. In a human study, peak fetal serum betamethasone levels were 
measured 1-2h after maternal betamethasone treatment with a return to baseline 
within 2 days of treatment [35]. In fetal sheep, maternal betamethasone treatment 
resulted in peak fetal betamethasone levels 3 h after treatment with a decrease to 50 
% of the peak levels at 6 h [36]. In contrast, the half-life of endotoxin was measured 
as approximately 30 h in the amniotic fluid of preterm lambs after an intra-amniotic 
administration and exhibited first order kinetics of elimination [14]. Neither antenatal 
betamethasone nor intra-amniotic LPS significantly change the levels of endogenous 
cortisol in the preterm fetus [20, 37]. These results suggest that fetal betamethasone 
levels 7 d after maternal treatment must be negligible. Therefore, the inhibition of LPS 
induced fetal lung inflammation 7 d after maternal betamethasone suggests priming 
or conditioning of the inflammatory response cells rather than a straight forward drug-
drug interaction. This interpretation is also consistent with our previous observation of 
an early suppression with a late amplification of lung inflammation with concomitant 
administration of maternal betamethasone and intra-amniotic LPS [16, 17]. Our results 
also demonstrate that modulation of LPS induced fetal inflammation does not occur 
when betamethasone is administered after LPS. 

Intra-amniotic exposure to LPS followed by betamethasone 7 days before delivery 
strikingly increased lung maturation as seen by increased Sat PC, SP-D and the increase 
in the pressure-volume curve. In contrast, betamethasone pre-treatment followed by 
exposure to LPS 7 days before delivery induced less lung maturation. The large effect of 
LPS on SP-D expression is consistent with recently reported up regulation of LPS-induced 
SP-D expression in fetal mice [38]. SP-D is an innate host-defense molecule protecting the 
host against a number of pulmonary pathogens [39]. Alveolar type II cell maturation was 
demonstrated by increased Pro-SP-C expression. The expression of surfactant protein 
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mRNAs for SP-B increased but SP-C was unchanged after LPS. Betamethasone alone did 
not increase expression of any of the surfactant protein mRNAs. We previously reported 
a differential effect of LPS on SP-B and SP-C mRNA levels [40]. In vitro, these two mRNAs 
are differentially regulated by betamethasone [41]. The more pronounced effect of 
LPS compared to betamethasone in increasing mRNA levels of surfactant proteins in 
this study is consistent with previous reports showing a rapid but reversible effect of 
betamethasone, but a more lasting effect of intra-amniotic LPS on surfactant protein 
mRNA expression [40, 42]. Previous reports suggest that the effects of simultaneous 
exposure to explants of fetal rabbits to IL-1α and glucocorticoids could be stimulate or 
inhibit surfactant protein mRNA depending on the gestational age [43]. Taken together, 
the combined effects of a pro-inflammatory exposure and glucocorticoids on the fetal 
lung are variable and context dependent including gestational age and the order of 
exposure.

We reported previously that intra-amniotic LPS but not maternal betamethasone 
improved lung compliance, ventilatory efficiency index and the alveolar wash saturated 
phosphatidyl choline pool sizes 15 d after treatment [32, 40]. We did not study the 
effects of betamethasone alone 14 d after exposure, because of high rate of abortions 
in this group. Interestingly, the highest expression of surfactant components and the 
consequent increase in lung volumes was in the group exposed to LPS for 14 d along with 
betamethasone 7 d before delivery. This group of animals also had the most pronounced 
lung inflammation. These results are consistent with our previous studies demonstrating 
that lung inflammation was required for LPS induced lung maturation [6, 44].

Clinical studies indicate that maternal glucocorticoids can decrease fetal weight and 
head size [45]. We reported previously that simultaneous exposures of fetal sheep to 
maternal corticosteroid and intra-amniotic LPS protected the fetus from the growth 
restriction caused by the antenatal corticosteroids [13]. In this experiment, the maternal 
corticosteroid exposure did not decrease fetal weight, a result that probably represents 
animal variability. The new observation is that the combination of 14 day LPS + 7 day Beta 
caused fetal growth restriction. Since exposure to intrauterine inflammation is the major 
cause for preterm labor and cervical dilation leading to preterm birth, pretreatment 
with betamethasone will rarely be an option to diminish or counteract inflammation 
in the clinical setting. An inference from the study is that prenatal betamethasone in 
conjunction with inflammation promotes the maturity of the surfactant system resulting 
in reduced RDS, but does not prevent BPD as noted in clinical studies [46, 47]. However, 
the interactions of LPS and Beta on fetal growth are complex and not fully understood, 
and this observation needs verification by replication. 

Antenatal corticosteroids are routinely administered to mothers who are at risk of 
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preterm birth to mature the fetal organs, suppress inflammation and thus reduce 
perinatal morbidity and mortality [48]. Antenatal steroids also reduce adverse neonatal 
outcome after preterm birth associated with chorioamnionitis [49]. Our experiments do 
not identify new concerns for the use of antenatal corticosteroids. It remains unknown if 
these antenatal corticosteroids also prevent or amplify the developmental and structural 
complications in the fetal lung, which are induced by infection/inflammation [11, 50]. In 
summary, this study provides further molecular evidence into the protective effects of 
antenatal corticosteroids on the fetal lung and its interactions with pro-inflammatory 
stimuli in the setting of chorioamnionitis.
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Abstract
Rationale: Bronchopulmonary dysplasia is associated with chorioamnionitis and fetal 
lung inflammation. Ureaplasma species are the bacteria most frequently isolated from 
chorioamnionitis. Very chronic ureaplasma colonization of amniotic fluid causes low 
grade lung inflammation and functional lung maturation in fetal sheep. Less is known 
about shorter exposures of the fetal lung. Therefore, we hypothesized that ureaplasmas 
would cause an acute inflammatory response tha would alter lung development.

Methods: Singleton ovine fetuses received intra-amniotic U. parvum serovar 3 or control 
media at 110, 117, or 121 days, and were delivered at 124 days gestational age (term=150 
days). Inflammation was assessed by cell counts in bronchoalveolar lavage fluid (BALF) 
and by cytokine mRNA measurements, immunohistochemistry and flow cytometry for 
inflammatory cells, and elastin and alpha smooth muscle actin (α-SMA) staining in lung 
tissue.

Results: Neutrophils were increased in BALF 3 days after exposure to ureaplasmas 
(p=0.01). Myeloperoxidase positive cells increased after 3 days (p=0.03) and MHC class II 
positive cells increased after 14 days ureaplasma exposure (p=0.001). PU.1 (macrophage 
marker) or CD3 (T-lymphocyte marker) positive cells were not induced by ureaplasmas. 
CD3 positive cells in the posterior mediastinal lymph node increased in ureaplasma 
exposed animals at 3, 7 and 14 days (p=0.002). Focal elastin depositions decreased in 
alveolar septa at 14 days (p=0.002), whereas α-SMA increased in arteries and bronchioli.

Conclusions: U. parvum induced a mild acute inflammatory response and changed elastin 
and α-SMA deposition in the lung, which may affect lung structure and subsequent 
development.

Introduction
Chorioamnionitis that is often clinically asymptomatic is associated with the majority of 
early gestational preterm births [1, 2]. The fetus is born with inflamed lungs and often 
a systemic inflammatory response [3, 4]. This fetal lung inflammation is associated with 
the development of bronchopulmonary dysplasia (BPD) [5, 6]. In experimental models, 
lipopolysaccharide (LPS) and intra-amniotic and/or maternal interleukin-1 (IL-1) can 
modulate lung development/maturation [7-12], but the major organisms associated 
with chorioamnionitis are Ureaplasma species, which are very small bacteria without a 
cell wall [13, 14]. Ureaplasmas are chronically tolerated in the urogenital tracts of men 
and women and can be present in amniotic fluid without inducing preterm labor [15, 
16]. Chronic fetal exposure to Ureaplasma parvum induced functional lung maturation 
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in fetal lambs [17-19], but did not change lung function or modulate the lung injury and 
inflammation caused by high tidal volume ventilation [20]. Very short term intra-uterine 
exposures to ureaplasmas caused pulmonary inflammatory responses in fetal mice [21], 
baboons [22, 23] and rhesus macaque monkeys [24]. Short interval fetal exposures to 
ureaplasmas with subsequent ventilation for 14 days after preterm birth initiated fibrosis 
and altered developmental signaling in the lungs of preterm baboons [23], indicating 
that chronic postnatal ventilation aggravated the lung injury. It is however not clear 
when these structural changes occurred, or if ureaplasma exposure in utero alone was 
sufficient to induce developmental changes in the short term.

Given the chronic nature of ureaplasma infections, we hypothesized that U. parvum 
would induce an initial acute fetal lung inflammatory response that would lead to 
changes in lung development. Pregnant ewes were given U. parvum serovar 3 by intra-
amniotic injection 3, 7 or 14 days prior to preterm delivery at 124 days gestational age 
(GA). We evaluated inflammation in the lung and its draining lymph node, the posterior 
mediastinal lymph node (PMLN). Inflammatory cells were identified by histological and 
immunohistochemical analysis, using CD3 for T-cells [25], myeloperoxidase (MPO) for 
neutrophils and PU.1, a transcription factor which is highly expressed in differentiated 
alveolar macrophages [25, 26]. To evaluate whether changes in lung development had 
occurred as a result of exposure to U. parvum we measured markers of lung damage 
and assessed changes in the structural proteins elastin and α-SMA that are involved in 
alveolar septation [27-29]. 

Materials and methods

Intra-amniotic injections 
All studies were approved by the Animal Ethics Committees at The University of Western 
Australia, the Queensland University of Technology and at the Cincinnati Children’s 
Hospital Medical Center.  Ureaplasmas were grown and prepared for the ultrasound 
guided injections as reported previously [17]. Time-mated ewes with singleton fetuses 
were randomized to receive either an intra-amniotic injection of Ureaplasma parvum 
serovar 3 (2x107 colony forming units) or media control at 110, 117 or 121 days 
gestational age (GA) (Figure 1). Preterm lambs were delivered by Cesarean section at 
124 days GA (term=150 days GA). Just prior to delivery each pregnant ewe was sedated 
and given spinal anesthesia with lidocaine. 
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Figure 1: Study design. 
Pregnant ewes received an intra-amniotic injection of U. parvum serovar 3 (UP) or media controls 
at 14 days, 7 days or 3 days before surgical delivery at 124 days gestational age (GA). One stillbirth 
in the 121d media group and one malformed and growth restricted fetus in the 110d ureaplasma 
exposed group were excluded. The media exposed animals were combined into a single group for 
analysis to create a group of sufficient sample size.

Sample collection 
Ureaplasma titers were measured in amniotic fluid (AF) samples. Umbilical arterial blood 
was collected for blood gas and pH analysis (Rapidlab 865, Bayer Diagnostics, Pymble, 
NSW) and total and differential white blood cell counts. A maximal lung volume was 
measured (40 cm H2O airway pressure) and the left lung was lavaged 3 times with 0.9% 
NaCl [30]. The resultant bronchoalveolar lavage fluid (BALF) from the left lung was used 
for total and differential cell counts and protein measurements. The posterior mediastinal 
lymph node (PMLN) was fixed in 10% buffered formalin. The right upper lobe of the lung 
(RULL) was inflation fixed with 10% buffered formalin at 30 cm H2O pressure [31, 32]. 

Ureaplasma titers 
Ureaplasma colonization of the AF and lung tissue was measured as described previously 
[19].

FACS analysis
Single cell suspensions of inflammatory cells were recovered from tissue of the right 
lung [33] using the MACS cell separation system (Miltenyi Biotec GmbH, Germany). CD45 
positive cells were isolated from the cell suspension with anti-CD45-biotin antibodies 
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(AbD Serotec, MCA2220B). After a washing step to remove unbound antibody, MACS 
anti-biotin magnetic microbeads were added and the suspension was passed through 
MACS columns for separation of CD45 positive cells by magnetism. CD45 positive cells 
were counted and incubated with monoclonal anti major histocompatibility class II (MHC 
class II) antibody (VMRD, H42A). An IgG2a isotype antibody (Santa Cruz Biotechnology, 
sc-3878) was used as a negative control. MHC class II positive cells labeled with an 
anti-IgG2a-RPE secondary antibody (Southern Biotechnology Associates Inc., 1080-09) 
were counted by flow cytometry (BD FACSCantoII and BD FACSDiva software, Becton 
Dickinson, USA).

Immunohistochemistry 
Paraffin embedded RULL sections (4 µm, transverse) were stained for CD3 (DAKO, 
A0452), myeloperoxidase (MPO) (DAKO, A0398), transcription factor PU.1 (Santa Cruz 
Biotechnology, sc-352) and alpha smooth muscle actin (α-SMA) (Sigma-Aldrich, A5228) 
[34]. Sections of the PMLN (4 µm, transverse) were stained for CD3 only. Briefly, the 
sections were deparaffinized with xylol, 100% ethanol, 96% ethanol and 70% ethanol. 
Subsequently, endogenous peroxidase-activity was blocked by incubation with 0.3% or 
0.5% hydrogen peroxide. Antigen retrieval was performed by incubating the slides in 
heated citrate buffer (DAKO Real Target Retrieval Solution 10x, S2031) for 30 minutes. In 
order to block nonspecific binding, the tissue sections were incubated with either 20% 
normal goat serum (NGS) or 5% bovine serum albumin (BSA) / phosphate buffered saline 
(PBS) in a humidified box for 30 minutes (this step was omitted for α-SMA). After adding 
the primary antibody, the sections were incubated overnight at 4°C. A negative control 
was included by incubating with 0.1% BSA/PBS (for CD3, MPO and PU.1) or 2% NGS/PBS 
(for α-SMA) instead of the primary antibody. After incubation with polyclonal swine anti-
rabbit biotin labeled secondary antibody (DAKO, E0353), the sections were incubated 
with StrepABComplex/HRP (DAKO, K0377). The sections were then washed with 0.1 
M acetate buffer and incubated for 4 minutes with nickel sulfate-diaminobenzidine 
(NiDAB) solution in a closed, dark box. Subsequently the tissue sections were rinsed with 
tris/saline and incubated with tris/cobalt. After counterstaining with 0.1% nuclear fast 
red, the sections were washed and finally dehydrated in a series of 70%, 96% and 100% 
ethanol, followed by xylol. Evaluation was performed by light microscopy (Axioskop 40, 
Zeiss, Germany) with LeicaQWin Pro v.3.4.0 software Leica Microsystems, Germany). 
Sections were scored for positive CD3, MPO and PU.1 staining with a semi-quantitative 
scoring system: 1 - little staining, 2 -some staining or 3 - heavy staining. The intensity 
of α-SMA staining in arteries and bronchioli was quantified using Image J software 
(Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA) and 
presented as a percentage of arterial wall surface area and entire bronchus surface area 
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staining,  respectively.

Immunofluorescence 
U. parvum serovar 3 staining was performed on paraffin embedded RULL sections (4 µm, 
transverse) using a protocol modified from Moss et al [17]. Aspecific binding was blocked 
using 20% NGS/PBS, prior to overnight incubation at 4°C with polyclonal rabbit-anti-U. 
parvum serovar 3 antibody. After incubation with polyclonal swine anti-rabbit biotin 
labeled secondary antibody (DAKO, E0353) for 1 hour, the sections were incubated with 
fluorescent quantum dots (Qdot 585, streptavidin conjugate, Invitrogen, Q10111MP) 
for 30 minutes at room temperature in a closed, dark box. Subsequently sections were 
washed in PBS and mounted in glycerol/DABCO anti-fade/DAPI. Imaging was performed 
with two photon microscopy (Leica TCS SP5 system, Leica, Germany), using a Compact 
Ultrafast Ti:Sapphire Laser (Chameleon, Coherent, California, USA) for excitation at 
a wavelength of 840 nm and Leica Application Suite Advanced Fluorescence imaging 
software (Leica Microsystems,  Mannheim, Germany).

Elastin staining 
Elastin staining was performed on RULL sections (4 µm, transverse) [29]. Briefly, the 
sections were deparaffinized in an ethanol series and incubated for 20 minutes in 
Weigerts Resorcine-Fuchsine (Chroma, 2E 030) at 60-70°C. After rinsing with water, 
the sections were incubated for 3 minutes in a tartrazin solution at room temperature. 
Subsequently the sections were washed and dehydrated in ethanol and xylol. Elastin foci 
were counted using Image J software (Rasband, W.S., ImageJ, U.S. National Institutes of 
Health, Bethesda, Maryland, USA).

Surfactant protein and cytokine mRNA
Surfactant protein A, B and C mRNA levels and pro-inflammatory cytokine mRNAs for 
interleukin (IL) IL-1β and IL-6 were measured by RNAse protection analysis [35], using 
RNA from the right lower lobe.  Briefly, solution hybridization was performed for 16h 
using a molar excess of (α-P32) UTP labeled riboprobes. Un-hybridized single-strand RNA 
was digested with RNase A/T1 (Pharmingen, San Diego, CA). RNase was then inactivated 
and protected RNA was precipitated using the RPA IIITM inactivation buffer (Ambion, 
Austin TX). The ribosomal protein mRNA L32 was used as an internal control (E4). The 
protected fragments were resolved on 6% polyacrylamide 8 mol/L urea gels, visualized by 
autoradiography, and quantified on a Phosphorlmager using ImageQuant v1.2 software 
(Molecular Dynamics, Sunnyvale, CA). Results from the control group were standardized 
to 1 and results from ureaplasma exposed groups were expressed as fold changes.
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Measurement of total protein 
Total protein in the BAL fluid was measured using the Lowry assay [36].

Data Analysis 
Results are given as means ± standard error of means (SEM).  The groups were compared 
using one-way ANOVA with Dunnett’s test for post-hoc analysis or a non-parametric 
Kruskal-Wallis ANOVA with Dunn’s test for post-hoc analysis as appropriate. Two group 
comparisons were done by Mann-Whitney test. Statistical analysis was performed by 
GraphPad Prism v5.0. Significance was accepted at p <0.05.

Results

Fetuses exposed to U. parvum serovar 3 and media control
Of the 28 animals randomized, there was one stillbirth in the control group and one 
malformed and growth restricted fetus in the 14 day ureaplasma exposure group: both 
animals were excluded from the analysis. Body weight and cord blood pH values were 
not altered in fetuses exposed to ureaplasmas compared to controls (Table 1).  The lung 
gas volume (V40), measured at a pressure of 40 cm H2O, showed a trend for decrease in 
fetuses delivered 3 days after exposure to ureaplasmas compared to controls, but this 
was not significant. 

Culture and fluorescent immunohistochemistry for Ureaplasma parvum 
Cultures of amniotic fluid (AF) and lung tissue of animals exposed to ureaplasmas were 
all positive, with >1.0x1010 CFU/mL in AF. The lung tissues contained ureaplasmas at 
average titers of 2.3x106 CFU/g at 3 days, 5.3x105 CFU/g at 7 days and 1.7x106 CFU/g 
at 14 days of exposure. No ureaplasmas were detected in the AF or lungs of fetuses 
exposed to media. Immunohistochemistry for U. parvum in the fetal lung demonstrated 
organisms in the alveoli of the ureaplasma-exposed animals (Figure 2A). No ureaplasmas 
were found in lung sections of media exposed animals (Figure 2B).  

Table 1: Observations of fetal lambs (GA 124 days) exposed to U. parvum.

Control 
(n=8)

UP 3d 
(n=7)

UP 7d 
(n=6)

UP 14d 
(n=5)

Assessments at delivery
Body weight (kg) 2.7 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 2.9 ± 0.1
Cord blood pH 7.1 ± 0.03 7.2 ± 0.03 7.2 ± 0.03 7.2 ± 0.03
White blood cell counts in cord blood (x 109 cells/L)
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Control 
(n=8)

UP 3d 
(n=7)

UP 7d 
(n=6)

UP 14d 
(n=5)

Lymphocytes 2.3 ± 0.2 2.6 ± 1.0 2.9 ± 0.2 2.9 ± 0.4
Neutrophils 0.6 ± 0.1 0.4 ± 0.1 0.5 ± 0.02 0.7 ± 0.1
Monocytes 0.2 ± 0.03 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.02
Cytokine and surfactant protein mRNA levels in the lung
IL-1β 1.0 ± 0.1 6.7 ± 3.8 0.8 ± 0.3 2.0 ± 0.5
IL-6 1.0 ± 0.1 5.5 ± 3.3 0.8 ± 0.1 1.2 ± 0.1
SP-A 1.0 ± 0.2 1.9 ± 1.0 3.2 ± 2.2 1.4 ± 0.6
SP-B 1.0 ± 0.1 1.3 ± 0.3 1.9 ± 0.9 1.5 ± 0.4
SP-C 1.0 ± 0.1 0.8 ± 0.1 1.6 ± 0.5 1.2 ± 0.2
Total protein ( μg / mL 
BALF)

245 ± 26 319± 57 332 ± 87 246 ± 64

V40 (mL/ kg bodyweight) 12.2 ± 2.0 6.2 ± 0.6 19.3 ± 4.0 14.5 ± 4.3

UP - Ureaplasma parvum. IL – interleukin. SP – surfactant protein. BALF – bronchoalveolar lavage 
fluid. V40 – lung volume at 40 cm H2O. Data expressed as mean ± SEM. * p<0.05 versus controls 
using a one-way ANOVA with Dunnett’s post hoc test or a non-parametric Kruskal-Wallis ANOVA 
with Dunn’s test for post-hoc analysis as appropriate.

Figure 2: U. parvum serovar 3 in the lung. 
Fluorescent immunohistochemistry performed on lung tissue from fetal lambs exposed to 
ureaplasmas (UP) for 3 days (A) and media (B). Ureaplasmas were detected by culture in all 
ureaplasma exposed lungs and not in media exposed lungs. Lung tissue is depicted in green, UP 
in red.

Systemic and local inflammatory mediators
Fetal systemic inflammation was assessed by the number of lymphocytes, neutrophils 
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and monocytes in the cord blood. There were no changes in the levels of systemic 
inflammatory cells in ureaplasma exposed fetuses compared to controls (Table 1).

Inflammation in the lung was assessed by the number of neutrophils, monocytes and 
lymphocytes in the bronchoalveolar lavage fluid (BALF). The absolute BALF neutrophil 
count increased after 3 days of exposure (Figure 3A). The number of monocytes did not 
change significantly in the BALF of ureaplasma exposed fetuses (Figure 3B). In most BALF 
samples no lymphocytes were counted, in either control or experimental groups (data 
not shown). Therefore, ureaplasmas induced a modest neutrophil response. Markers 
for inflammatory cells were used to assess the inflammatory cells in lung tissue. MPO-
positive cells were increased in the UP-3 day fetuses, but this increase was not consistent 
in the lung tissue of UP-7 day and UP-14 day fetuses (Figure 3C). Cells expressing 
PU.1, a macrophage specific transcription factor, did not increase in the lung tissue 
(Figure 3D). The percentage of MHC class II positive cells in the CD45 cell population 
increased after 14 days of ureaplasma exposure, as measured by flow cytometry (Figure 
3E). This analysis was not performed for UP-3 or UP-7 day animals. 
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Figure 3: Inflammatory cell numbers in bronchoalveolar lavage fluid (BALF) and myeloperoxi-
dase (MPO), transcription factor PU.1 and major histocompatibility complex (MHC) class II 
positive cells in the lung. 
A The number of neutrophils was increased in the BALF of UP-3 day fetuses compared to controls. 
* p<0.05 versus controls using a Kruskal-Wallis ANOVA B The number of monocytes did not change 
significantly in the BALF of ureaplasma exposed fetuses. C MPO positive cells increased in lung 
tissue after 3 days of ureaplasma exposure compared to controls. * p<0.05 versus controls using a 
one-way ANOVA with Dunnett’s post hoc test. D The PU.1 positive cells in lung tissue exposed to 
ureaplasmas did not differ significantly from controls. E MHC class II positive cells increased in the 
lungs of UP-14 day animals. * p<0.05 versus controls using a Mann-Whitney test.

Ureaplasma exposure did not change mRNA levels of the pro-inflammatory cytokines IL-
1β and IL-6 in the lung, nor did it increase the mRNA levels of surfactant proteins A, B 
and C (Table 1). Furthermore there was no increase of total protein levels in the BALF 
(Table 1). 
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Figure 4: CD3 positive cells in the fetal ovine lung after exposure to U. parvum serovar 3.
Expression of CD3 in the lung was evaluated in controls (A), and after exposure to ureaplasmas 
(UP) for 3 days (B), 7 days (C) or 14 days (D) before delivery at 124 days GA. E There were no 
changes in CD3 positive cells as a result of exposure to ureaplasmas. * p<0.05 versus controls using 
a one-way ANOVA with Dunnett’s post hoc test.

CD3 positive cells were not increased in the lungs of animals exposed to ureaplasmas 
(Figure 4). However, compared to media exposed fetuses (Figure 5A) CD3 positive cells 
increased in the posterior mediastinal lymph node (PMLN) of the fetuses that had been 
exposed to ureaplasmas for 3 days (Figure 5B), 7 days (Figure 5C) or 14 days (Figure 5D). 
Figure 5E shows the increases between the different experimental groups. There was a 
tendency for increased PMLN weight after exposure to ureaplasmas, but this was not 
significant (Figure 5F). 

Figure 5: CD3 expression in the posterior mediastinal lymph node (PMLN). 
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Expression of CD3 in the PMLN was evaluated in controls (A), and after exposure to ureaplasmas 
(UP) at 3 days (B), 7 days (C) or 14 days (D) before delivery at 124 days GA. E Levels of CD3 positive 
cells were increased 3, 7 and 14 days after exposure to ureaplasmas compared to controls. F PMLN 
weight, relative to body weight. * p<0.05 versus controls using a one-way ANOVA with Dunnett’s 
post hoc test.

Structural protein expression in the lung
The elastin foci on alveolar septa were counted on the lung sections (Figure 6A-D). In 
the UP-14 day fetal lungs decreased numbers of elastin foci were observed. The elastin 
was localized more diffusely compared to lungs after no exposure or shorter ureaplasma 
exposure times. A small increase of elastin foci was seen in UP-3 day fetal lungs (Figure 
6E). The lungs of UP-3 day animals inflated less well, leading to a higher density of the 
lung and the apparent increase in elastin foci. 
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Figure 6: Expression of elastin in the lungs 
of controls (A), and after an exposure to ureaplasmas (UP) for 3 days (B), 7 days (C) and 14 days 
(D) before delivery at 124 days GA. Red arrows indicate locations of focal expression of elastin. E 
The number of elastin foci was increased in lungs 3 days after ureaplasma exposure. At 14 days the 
number of elastin foci decreased. * p<0.05 versus controls using a one-way ANOVA with Dunnett’s 
post hoc test.

The intensity of α-SMA staining was measured for arteries and bronchioli in the lung 
sections (Figure 7A-D). α-SMA staining was increased in arteries of UP-14 day fetuses 
(Figure 7E). In bronchioli α-SMA expression was increased in UP-3 day fetuses and 
remained high in UP-7 day and UP-14 day fetuses (Figure 7F).

Figure 7: Expression of α-SMA in the lungs.  
Expression of α-SMA in the arteries of controls (A) and after exposure to ureaplasmas (UP) for 14 
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days (B), and in the bronchioli of controls (C) and after 3 days of ureaplasma exposure (D) before 
delivery at 124 days GA. E The intensity of α-SMA staining in the pulmonary vascular wall was 
increased 14 days after ureaplasma exposure. F The intensity of α-SMA staining in bronchioli was 
increased 3 days after ureaplasma exposure. * p<0.05 versus controls using a one-way ANOVA 
with Dunnett’s post hoc test.

Discussion
The effect of short term intra-uterine ureaplasma exposure on lung development has 
previously only been studied after postnatal ventilation treatment in preterm baboons 
[23]. In this study we show that short term exposure of fetal lambs to U. parvum 
serovar 3 in utero induced an inflammatory response and structural changes in the 
lung at 124 days GA. Neutrophils were recruited into the alveolar compartment of the 
lungs within 3 days of intra-amniotic ureaplasma injection. After 7 days of exposure to 
ureaplasmas the neutrophils in the lung decreased and after 14 days the MHC class II 
positive cells increased, although macrophage levels were not elevated. Simultaneously, 
T-lymphocytes were increased in the posterior mediastinal lymph node, which was 
reflected in a tendency for increased weight of the PMLN. This pulmonary inflammation 
was not associated with increased inflammatory cell counts in cord blood, which is 
consistent with previous reports of intra-amniotic ureaplasma exposure in other animal 
models [17-19, 24]. Long term exposure to U. parvum serovar 3 or 6 (21-70 days of 
exposure, surgical delivery at 125 days GA) did not elicit an increase in inflammatory 
cells in cord blood of fetal lambs, despite a marked increase in the inflammatory cell 
count in bronchoalveolar lavage fluid [17-19]. In fetal rhesus macaques inoculated with 
U. parvum serovar 1 at 4-9 days before delivery at 145 days GA (term = 167 days GA), 
leukocytes were strongly increased in the amniotic fluid and the fetal lungs [24]. 

Interestingly, macrophages were not involved in the pulmonary inflammatory response 
to ureaplasmas in our study. The lack of a macrophage response to this pulmonary 
inflammation is quite different from the inflammatory response that is induced by intra-
amniotic lipopolysaccharide (LPS) in fetal lambs [26, 37]. With LPS as the agonist immature 
monocytes express PU.1 and mature to macrophages within days of exposure to LPS. The 
differences between an LPS and ureaplasma induced inflammatory response are further 
illustrated by the observation that the cytokines IL-1β and IL-6 and surfactant proteins A, 
B and C were not significantly increased and that there was an absence of lymphocytes 
in the lungs after exposure to ureaplasma, whereas these factors did increase after LPS 
exposure [10, 35, 38]. This is supported by a study performed by Menon and colleagues 
[39], who reported that in cultured human fetal membranes ureaplasmas caused a 
much milder cytokine response than LPS. In this model ureaplasmas only triggered an 
increase in levels of tumor necrosis factor α (TNFα) and IL-10. Fetal sheep neither make 
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much TNFα nor respond to TNFα [40, 41]. Perhaps the different responses of the innate 
immune system result from how and when the immune system makes first contact with 
the microbe [25]. LPS is a substance found on the cell wall of Gram-negative bacteria 
and is recognized by a different array of pattern recognition receptors than bacteria like 
ureaplasma, which do not have cell walls. LPS triggers the immune response by binding to 
the CD14 receptor on antigen presenting cells, leading to activation of Toll-like receptor 
(TLR) 4 and the MyD88 dependent and independent pathways. This subsequently leads 
to early and late nuclear factor kappa B (NF-κB) activation, inducing pro-inflammatory 
gene expression repetitively [25]. Conversely, ureaplasmas activate NF-κB via TLR 1, 2 
and 6 signaling with lipoproteins, predominantly the multiple banded antigen, on its 
cell membrane [42]. It also binds to mannose-binding lectin through terminal mannose 
residues [43], activating the lectin pathway of complement activation. These differences 
in the way the immune response is activated may very well lead to the different 
inflammatory phenotypes in the fetus.

In the developing fetal lung alveolar septation is orchestrated by a number of structural 
proteins, among which elastin and alpha smooth muscle actin (α-SMA) play important 
roles [27-29, 44, 45]. Clustering of elastin and α-SMA at the tips of alveolar septa 
identifies the sites of budding for new alveoli [27, 44]. If immature lungs are exposed 
to mechanical ventilation or chorioamnionitis at this point during development, focal 
elastin expression is diminished and a more diffuse elastin expression develops along the 
alveolar cell wall [28, 29]. As a result a simplification of lung structure is observed, with 
fewer but larger alveoli. This phenomenon has been reported in mechanically ventilated 
infants and in patients with BPD [27, 28, 46-50]. Infants with bronchopulmonary 
dysplasia (BPD) also have increased numbers of α-SMA positive cells, or myofibroblasts, 
in their lungs, in relation to the severity of the disease [51]. Furthermore ureaplasma 
respiratory tract colonization in premature infants was associated with an increased 
incidence of BPD [6, 52, 53]. Therefore we tested if changes in elastin organization and 
α-SMA expression occurred in premature lungs that were exposed to ureaplasmas. 
A decrease in foci of concentrated elastin on alveolar septa was noted 14 days after 
exposure to ureaplasmas, along with a more diffuse, dysmorphic expression of elastin 
elsewhere in the alveolar walls. α-SMA expression increased in pulmonary arteries and 
bronchioli after exposure to ureaplasmas. This decrease in elastin foci and elevated 
α-SMA expression in arteries and bronchioli may disrupt the further development of the 
lung. These findings are consistent with observations in preterm ventilated, ureaplasma 
infected baboons by Viscardi and colleagues [23]. In contrast, it was recently reported 
that long term exposure to U. parvum serovar 3 or 6 (70 days of exposure, delivery 
at 125 days GA) did lead to a functional maturation in the lungs but without causing 
sustained effects on airspace and vascular development in fetal lambs [54]. The effects 
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of resuscitation, mechanical ventilation and oxygen therapy need to be further studied 
to determine the effects on the long term pulmonary outcome [55].

This study raises the question as to whether other sites of first contact, like the developing 
fetal skin and gastrointestinal tract, respond to ureaplasmas similarly. The developing 
gut in sheep is affected by exposure to LPS [56], however it is unclear if this is also true 
for ureaplasma exposure.

Our results support the hypothesis that ureaplasmas induce an acute inflammatory 
response in the fetal lung, as a site in direct contact with the contaminated amniotic 
fluid. Our findings suggest that a short term exposure to ureaplasmas is sufficient to 
induce structural changes in elastin deposition antenatally, which may affect further 
alveolarization of the lung. This would explain why postnatal administration of antibiotics 
to counteract the ureaplasma infection has not been found to improve lung function [57-
59].
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Abstract
Bronchopulmonary dysplasia (BPD), associated with chorioamnionitis, results from the 
simultaneous effects of disrupted lung development, lung injury and repair superimposed 
on the developing lung. Caveolins (Cav) are implicated as major modulator of lung injury 
and remodeling by multiple signaling pathways, although Cav have been minimally 
studied in the injured developing lung. We hypothesized that chorioamnionitis-associated 
antenatal lung inflammation would decrease Cav-1 expression in preterm fetal lungs. We 
tested if there were changes in transcription factors Smad2/3, Smad1/5, Stat3, Stat1, 
activation of a-SMase with ceramide generation, and changes in expression of HO-1 as 
indicators of possible Cav-1 mediated effects. Fetal sheep were exposed to 10 mg of 
intra-amniotic endotoxin or saline for 2, 7 or 2+7 days before preterm delivery at 124 
days gestation. Cav-1 and HO-1 expression and Smad- and Stat-phosphorylation were 
evaluated by real-time PCR, western-blotting and/or immunohistochemistry. A-SMase 
activity and ceramide levels were measured. Intra-amniotic endotoxin decreased 
Cav-1 mRNA and protein expression in the lungs, with a maximum reduction of Cav-1 
mRNA to 50% ± 7% of the control value (p<0.05) and of Cav-1 protein expression to 
20% ± 5% of the control value (p<0.05). Decreased Cav-1 levels were associated with 
elevated phosphorylation of Smad2/3, Stat3 and Stat1, but not Smad1/5. Expression 
of HO-1, a-SMase activity and ceramide increased. Antenatal inflammation decreased 
pulmonary Cav-1 expression in the preterm fetal lung. Decreased Cav-1 was associated 
with activation of the Smad2/3-, Stat- and a-SMase/ceramide pathways, and increased 
HO-1 expression. The decreased Cav-1 and changes in multiple other signaling pathways 
may contribute to BPD.

Introduction
Chorioamnionitis that is often clinically asymptomatic is associated with the majority 
of Lung inflammation is a major contributor to the impaired development of alveoli 
and the microvasculature that results in BPD [1]. However, the mechanisms that link 
inflammation to alveolar and microvascular simplification are unclear [2]. For many very 
preterm infants the pulmonary inflammation begins in utero with chorioamnionitis. 
Chorioamnionitis is defined as microbial infection of the amnion and chorion, and is 
an important risk factor for preterm delivery in about 60% of very preterm deliveries 
[3]. Chorioamnionitis increases pro-inflammatory cytokines in human amniotic fluid 
and fetal cord blood, presumably by fetal responses to bacterial products and injury 
[4]. These pro-inflammatory cytokines may be important mediators which recruit 
activated inflammatory cells to the fetal lung [2]. Fetal sheep develop chorioamnionitis 
following injections of LPS into amniotic fluid, which initiates a sequence of lung injury 
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(inflammation, apoptosis, remodeling) that results both lung maturation and decreased 
alveolar septation with microvascular injury [5]. These changes in the fetal lung may 
initiate progress to BPD [6]. 

Caveolin-1 (Cav-1) could be central in this pathophysiological sequence as a component 
of caveolae, the 50-100-nm wide omega-shaped plasma membrane invaginations [7]. 
Caveolae and caveolins are present in high levels in the airway epithelium, smooth 
muscle, fibroblasts and inflammatory cells and also in the pulmonary vasculature [8]. 
Caveolae function in protein trafficking, signal transduction and sphingolipid biology 
[9]. Down-regulation of Cav-1 occurs in diverse lung diseases such as asthma, chronic 
obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF)[10]. Cav-1 
is also a major modulator of LPS induced lung injury in animal models [10].

At the molecular level Cav-1 is fundamental to organizing multiple signaling pathways, 
including the TGF-β induced Smad-[11], Stat- [12-14] and a-SMase/ceramide 
pathways[15, 16]. These signaling pathways participate in airway inflammation and 
remodeling [17-21]. Cav-1 also regulates inducible heme oxygenase (HO)-1 [22] which 
modulates oxidative and inflammatory defences in the lung[23]. Changes in Cav-1 or 
associated changes in these signaling pathways have not been evaluated in the preterm 
fetal lung exposed to inflammation. 

We previously reported increased TGF-β1 activity in fetal lungs after antenatal exposure 
to inflammation [24].  TGF-β1 was identified in lung fibroblasts and endothelial cells 
as a negative regulator for Cav-1 [25-27]. We therefore hypothesized that antenatal 
inflammation would decrease the expression and function of Cav-1 in preterm lungs and 
thereby affect the Smad, Stat and a-SMase/ceramide-pathways as well as the expression 
of HO-1. We used a well characterized sheep model of LPS induced chorioamnionitis to 
cause inflammation in the fetal lung [28]. A better understanding of signal transduction 
pathways in fetal lung inflammation may provide new therapeutic approaches to the 
treatment of postnatal lung injury.

Materials and methods

Animals
All animal experiments were performed in Western Australia with the approval of the 
ethical committees of the Department of Agriculture, Western Australia, Australia, and 
the Children’s Hospital Research Foundation, Cincinnati, OH, USA. Time-mated ewes 
with singletons were assigned to groups of 6 or 7 animals for ultrasound-guided intra-
amniotic injections of LPS (10 mg, E. coli O55:B5; Sigma Chemicals, St Louis, MO, USA) in 
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2 ml saline 2, 7 or 2 and 7 days before delivery (Fig. 1). Control animals received a 2 ml 
intra-amniotic saline injection. There were no differences between the control animals 
that received saline injections at the different time points before delivery. Therefore 
the control animals have been combined into one group. All animals were operatively

Figure 1: Study design. 
Six to seven animals per group received ultrasound-guided intra-amniotic injections with 10 mg 
LPS or NaCl 0.9% (control) 2d, 7d or 2+7d before delivery at the same gestational age of 124 days. 

delivered at the same gestational age of 124 days (term 150 days). Lung tissue was used 
for multiple assessments. Results for lung inflammation and maturation were previously 
reported for these animals [29]. 

Immunohistochemistry and histological analysis 
The immunostaining methods were performed as previously described [30]. Please see 
online data supplement.

Acid-sphingomyelinase (a-SMase) and ceramide measurements
Acid sphingomyelinase (ASM) activity was determined with 14C-labelled 
Sphingomyelin[31]. Lung powder was mixed with ASM-buffer (250 mM Na-Acetate, 
1mM EDTA, 0.1% Triton X-100, pH 5.0) and homogenized. Samples were centrifuged at 
4°C, 20,000g for 20 min, and the protein content of the supernatant was determined. 
Samples were incubated at 37°C for 2h with 14C-labelled sphingomyelin substrate. 
Samples were separated by chloroform/methanol extraction, scintillation liquid was 
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added and radioactivity measured. Ceramide levels in lung tissue and serum were 
determined as described[32]. In brief, lung powder mixed in methanol/chloroform 
water emulsion, sonificated and centrifuged 4°C, 4000 g for 10 min to extract the lipids. 
The lipids were separated from other membrane components by chloroform/methanol 
extraction and dried with N2. Subsequently lipids were dissolved in chloroform/methanol 
(9:1) and spotted on high-performance thin layer chromatography (HPTLC) plates (silica 
gel 60 precoated plate; Merck, Darmstadt, Germany). Ceramide was resolved with 
dichlormethane/methanol/acetate (100:2:5). Thin-layer chromathography plates were 
dried at 180°C, cooled and put into 10% cupric sulfate, 8% phosphoric acid solution. 
After heating for 2 min at 110°C, lipid bands were visible and measured with a Fujix-1000 
Bioimager (Raytest, Straubenhardt, Germany). 

For RNA extraction and PCR-, Western-Blot- and Statistical Analysis please see online 
data supplement.

Results

Pulmonary Cav-1 expression is reduced by LPS-induced chorioamnionitis
PCR results expressed as Cav-1 mRNA transcripts by PCR normalized to ovRPS15 showed 
LPS reduced Cav-1 mRNA by 50% in the 2d, 7d and 2+7d LPS groups relative to the 
control group (p<0.05) (Fig. 2A). To confirm that decreased Cav-1 mRNA expression 
corresponded with reduced protein levels, Cav-1 was quantified by Western blot (Fig. 
2B+C) and immunohistochemistry (Fig. 2D-F) analysis. Cav-1 decreased similarly at 2d 
and 7d with these measurements, and a second exposure to LPS had no further effect 
on Cav-1 protein expression. 
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Figure 2: Intra-amniotic LPS exposure decreases Cav-1 expression. 
A. Real-time PCR measurements of Cav-1 mRNA expression in whole lung homogenates. Mean fold 
change in lung mRNA expression of Cav-1 normalized for ovRPS15 by the ΔΔCt-method. B. Western-
blot measurements of Cav-1 protein expression with an anti-Cav1 antibody. The same membrane 
was analyzed with anti-β-actin antibody. C. Cav-1 and β-actin protein levels were semi-quantified 
by densitometry. Optical density of Cav-1 protein band was corrected to β-actin, and results 
are expressed as ratio (%) of endotoxin-exposed to control animals. D-F. Immunohistochemical 
evaluation of Cav-1 expression in preterm lung tissue. Representative sections from a control 
animal (D) and an animal exposed to LPS-induced chorioamnionitis for 2 days (E) stained for Cav-
1. Magnification x50. F. Immunostaining for Cav-1 was graded on a scale from 0 to 3. Values are 
means ± SEM; * p < 0.05 vs control. 

Smad2/3 but not Smad1/5 phosphorylation increase with LPS-induced 
chorioamnionitis
Cytoplasmic staining for phosphorylated Smad2/3 was weak in bronchial epithelial cells 
in control lungs (Fig. 3A). In contrast, LPS resulted in intense phosphorylated Smad2/3 
staining (Fig. 3B). The Smad2/3-P staining increased 2 days after LPS exposure and 
increased further about 3-fold 7 days after LPS exposure (Fig. 3C). The majority of the 
cells had nuclear staining (Fig. 3B insert and arrow), consistent with TGF-β1 signaling and 
nuclear translocation of phosphorylated Smad2/3. Only weak staining could be detected 
for phosphorylated Smad1/5 in LPS treated and control animals (Fig. 3D).
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Figure 3: Effect of intra-amniotic LPS exposure on Smad signaling. 
Smad2/3 (A-C) and Smad1/5 (D) phosphorylation were evaluated in lung tissue by 
immunohistochemistry. Representative sections from a control animal (A) and an animal exposed 
to LPS-induced chorioamnionitis for 7d (B) stained for phosphorylated Smad2/3. Magnification 
x50; insert shows higher magnification and arrows identify nuclear staining for phosphorylated 
Smad2/3 C: Immunohistochemical semi-quantification of phosphorylated Smad2/3 in lung 
sections. D: Immunohistochemical semi-quantification of phosphorylated Smad1/5 in lung 
sections. Immunostaining for phosphorylated Smad2/3 or Smad1/5 were graded on a scale from 0 
to 3. Values are means ± SEM; *P < 0.05 vs. control.

Phosphorylation of Stat-3 and Stat-1 by LPS-induced chorioamnionitis

Figure 4: Effect of intra-amniotic LPS exposure on Stat3. 
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A+B: Western blot measurements of Stat-3 phosphorylation with an anti-Stat3-P antibody (A). 
The same membrane was analyzed with anti-β-actin antibody. Stat3-P and β-actin protein levels 
were semi-quantified by densitometry. Optical density of Stat3P protein bands were corrected to 
β-actin, and results are expressed as ratio (%) of LPS-exposed to control animals (B). C-E: Evaluation 
of Stat3 phosphorylation in lung tissue by immunohistochemistry. Representative sections from 
a control animal (C) and an animal exposed to LPS-induced chorioamnionitis for 7d (D) stained 
for phosphorylated Stat3. Magnification x50; insert shows higher magnification and arrows 
identity nuclear staining for phosphorylated Stat3. Immunohistochemical semi-quantification of 
phosphorylated Stat-3 in lung sections (E). Values are means ± SEM; *P < 0.05 vs. control. 

Stat3-P levels increased in the 2d, 7d and 2+7d LPS-exposed animals by western-
blot analysis compared with controls (Fig. 4A). A semi-quantitative analysis of the 
immunoblots demonstrated that Stat3-P was induced 355% (p<0.05) in the 2+7d LPS 
exposed group compared with the controls (Fig. 4B). Stat3 phosphorylation also was 
detected by immunohistochemistry with anti-phosphorylated Stat3-specific antibodies 
(Fig. 4C-E). Staining for Stat3-P was weak in the control lungs (Fig. 4C). In contrast, LPS 
exposure resulted in intense staining of Stat3-P (Fig. 4D). A semi-quantitative analysis of 
the immunohistochemistry demonstrated that Stat3-P increased about 4-fold (p<0.05) 
in the 7d and 2+7d LPS exposed group compared with controls (Fig. 4E). 

Stat1 phosphorylation increased to 210% of the control value by western blot analysis 
with 2d of LPS exposure (Fig. 5A+B). By immunohistochemical analysis a 4.8–fold increase 
(Fig. 5C-E) also was measured after 2d of LPS exposure relative to control (p<0.05). For 
Stat-3 and Stat-1 the majority of the bronchial epithelial cells had nuclear staining, 
consistent with translocation to the nucleus (Fig. 4D and 5D inserts and arrow).
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Figure 5: Effect of intra-amniotic LPS exposure on Stat1 signaling. 
A+B: Western-blot measurements of Stat1 phosphorylation with an anti-Stat1-P antibody (A). 
The same membrane was analyzed with anti-β-actin antibody. Stat1-P and β-actin protein levels 
were semi-quantified by densitometry. Optical density of Stat1-P protein band was corrected for 
β-actin, and results are expressed as ratio (%) of LPS-exposed to control animals (B). Values are 
means ± SEM; *P < 0.05 vs. control. C-E: Evaluation of Stat1 phosphorylation in lung tissue by 
immunohistochemistry. Representative sections from a control animal (C) and an animal exposed 
to LPS-induced chorioamnionitis for 2d (D) stained for phosphorylated Stat1. Magnification x50; 
insert shows higher magnification and arrows indicate nuclear staining for phosphorylated Stat1. 
Immunohistochemical semi-quantification of phosphorylated Stat1 in lung sections (E). Values are 
means ± SEM; *P < 0.05 vs. control.

a-SMase activity and ceramide increase with LPS-induced chorioamnionitis
In the LPS exposed groups, both a-SMase activity and ceramide levels were elevated 
compared with the control (Fig. 6). The a-SMase activity increased 18-fold in the 7d LPS 
exposed group (Fig. 6A; p<0.05) and the ceramide level increased 38-fold increase in the 
7d LPS exposed group (Fig. 6B; p<0.05). 

Figure 6: Effect of intra-amniotic LPS exposure on a-SMase activity and ceramide. 
A: Measurements of a-SMase activity in lung tissue by a modified micellar in vitro assay. B: 
Measurements of ceramide level by two-dimensional charring densitometry. Values are means ± 
SEM; *P < 0.05 vs. control.

Induction of HO-1 expression by LPS-induced chorioamnionitis
By western-blot analysis the ratio of HO-1 protein to β-actin protein increased 4.5-fold 
in the 7d LPS exposed group compared with the control group (p<0.05)  (Fig. 7A+B). 
HO-1 protein was increased in all three experimental groups by immunohistochemical 
analysis, with a maximum increase of 12-fold in the 7d LPS exposed group compared 
with controls (p<0.05) (Fig. 7C-E).
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Figure 7: Intra-amniotic LPS exposure induces HO-1 expression. 
A+B: Western-blot measurements of HO-1 protein expression with an anti-HO-1 antibody (A). 
The same membrane was analyzed with anti-β-actin antibody. HO-1 and β-actin protein levels 
were semi-quantified by densitometry. Optical density of HO-1 protein bands were corrected for 
β-actin, and results are expressed as ratio (%) of endotoxin-exposed to control animals (B). C-E: 
Evaluation of HO-1 expression in lung tissue by immunohistochemistry. Representative sections 
from a control animal (C) and an animal exposed to endotoxin-induced chorioamnionitis for 7 days 
(D) stained for HO-1. Magnification x50. Immunohistochemical semi-quantification of HO-1 in lung 
sections on a scale from 0 to 3 (E). Values are means ± SEM; * p < 0.05 vs control.

Discussion
Chorioamnionitis caused LPS induced lung inflammation and airway remodeling [33, 
34]. This fetal inflammatory response also down-regulated Cav-1, activated Stat, Smad 
and a-SMase, and up-regulated ceramide and HO-1 expression in the fetal lung. These 
findings support the hypothesis that decreased pulmonary Cav-1 expression and effects 
on downstream signaling pathways may contribute to remodeling and functional 
impairment of the developing lung.

Animal models of LPS induced chorioamnionitis have been extensively used to evaluate 
inflammation effects on lung and other organs [35-37] and potential mediators [38-
40]. Intra-amniotic LPS can reliably reproduce the fetal inflammatory response in 
chorioamnionitis, however one limitation is that chorioamnionitis is induced with only 
one pro-inflammatory Toll-like receptor ligand and not with living bacterial infections, 
which are often polymicrobial in chorioamnionitis [41].

TGF-β1 can be a negative regulator of Cav-1 expression in lung, because in human 
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pulmonary fibroblasts TGF-β1 can markedly decrease Cav-1 expression [25, 27]. 
Furthermore, treatment of cultured bovine aortic endothelial cells with TGF-β1 
decreased Cav-1 expression [26]. We also found down-regulation of Cav-1 mRNA 
expression by TGF-β1 in HPMEC-ST1.6R cells (a human lung endothelial cell line), 
in A549 cells (a Figure 7. Intra-amniotic LPS exposure induces HO-1 expression. A+B: 
Western-blot measurements of HO-1 protein expression with an anti-HO-1 antibody 
(A). The same membrane was analyzed with anti-β-actin antibody. HO-1 and β-actin 
protein levels were semi-quantified by densitometry. Optical density of HO-1 protein 
bands were corrected for β-actin, and results are expressed as ratio (%) of endotoxin-
exposed to control animals (B). C-E: Evaluation of HO-1 expression in lung tissue by 
immunohistochemistry. Representative sections from a control animal (C) and an 
animal exposed to endotoxin-induced chorioamnionitis for 7 days (D) stained for HO-1. 
Magnificationx50. Immunohistochemical semi-quantification of HO-1 in lung sections on 
a scale from 0 to 3 (E). Values are means ± SEM; * p < 0.05 vs control. cell line) and in 
H441 cells (a human lung adenocarcinoma cell line with characteristics of bronchiolar 
Clara epithelial cells) (data not shown). Antenatal inflammation induced TGF-β1 
expression in the lung of fetal lambs[24], and TGF-β1 levels were increased in airway 
samples from preterm infants developing BPD [42, 43]. Therefore, the reduction of Cav-1 
expression by chorioamnionitis induced inflammation could be mediated by increased 
TGF-β1 concentrations in the lung [24]. While down-regulation of Cav-1 was described 
previously in other lung diseases [10], reduced Cav-1 expression in preterm lung disease 
is a new observation. 

In this translational model in fetal sheep, we cannot directly demonstrate that TGF-β1 
was regulating Cav-1. Cav-1 also contributes to the regulation of TGF-β signaling by its 
participation in TβR (TGF-β receptor) internalization [44]. TβRs can be internalized by 
two different mechanisms: firstly by Cav-1 associated lipid rafts and secondly by early 
endosome antigen 1 (EEA-1) non-lipid raft pathways. While non-lipid raft associated 
internalization increases TGF-β signaling, the caveolin-associated internalization 
increases TβR degradation and decreases TGF-β signaling [45]. Absence of one 
compartment or imbalance in the densities of the two compartments may affect the 
level of TGF-β pathway activity given the same amount of ligand binding. Because 
this process occurs at the level of internalization of the TβR immediately following 
ligand engagement, it likely represents an important mechanism of regulation of 
TGF-β signaling. In human fetal pulmonary fibroblasts, both gain and loss of function 
experiments identified the regulatory role of Cav-1 in this process [25]. Down-regulation 
of Cav-1 by siRNA transfection increased Smad-2 phosphorylation and Smad2/3 nuclear 
translocation, while overexpression of Cav-1 suppressed Smad2 phosphorylation and 
nuclear translocation [25]. Additionally, enhanced TGF-β signaling was measured in Cav-
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1-deficient mice [46] and OVA-allergen challenged Cav-1-deficient mice in a model for 
asthma [47]. Furthermore, Razani et al. described an interaction between Cav-1 and 
the Typ I TGF-β receptor, where Cav-1 suppressed TGF-β1 mediated phosphorylation of 
Smad-2[48]. We analyzed phosphorylation of Smad2/3 and Smad1/5 in preterm lung. 
Smads are downstream effectors of TGF-β and provide an indication of the extent to 
which TGF-β signaling is activated. In concordance with other studies the decreased Cav-
1 expression in our model is associated with a substantial increase in Smad2/3-P in the 
lungs of LPS exposed animals. The increase of Smad2/3 phosphorylation is in agreement 
with an earlier similar study with different LPS exposure intervals [24]. 

In addition to the Smad signaling pathway, Cav-1 can also regulate the Stat signaling 
pathway. Like Smad, Stat proteins exist in a latent form in the cytoplasm and upon receptor 
activation by cytokines Stat are phosphorylated on tyrosine residues by members of the 
Janus kinase (JAK) family (JAK1, JAK2, JAK3) or Tyrosine kinase 2 (Tyk2) [49]. An activated 
Stat pathway is commonly observed in acute lung injury, e.g. in endotoxin-induced 
lung injury [18]. Caveolins associate with Stat proteins, Stat3 was hyperphosphorylated 
in lung from Cav-1-/--deficient mice [12]. In addition, the Jak/Stat signaling cascade is 
hyperactivated in mammary glands of Cav-1-/- mice [50]. Thus, down-regulation of Cav-1 
expression should hyperactivate Stat-3 phosphorylation. In our model of LPS-induced 
lung injury reduced expression of Cav-1 was associated with increased phosphorylation 
of Stat-3 and Stat-1. 

The a-SMase/ceramide pathway is critical in a variety of lung diseases [20], including 
acute neonatal inflammatory lung injury [21]. Sphingolipids are structure-bearing 
elements of biological membranes which regulate key physiological processes such as 
apoptosis, innate and acquired immunity, vascular permeability and smooth muscle tone 
[20]. Ceramide is a structure bearing lipid and probably also a second messenger that is 
generated by hydrolysis of sphingomyelin by a-SMase during inflammation. Consistent 
with interaction between a-SMase and Cav-1 [15, 16, 51], we observed that decreased 
pulmonary Cav-1 induced by antenatal inflammation was associated with increased 
pulmonary a-SMase activity and ceramide production which has been observed in 
many models of acute lung injury [20]. The decreased expression of a-SMase/ceramide 
after repetitive endotoxin injection into the amniotic fluid may be part of the endotoxin 
tolerance that we previously reported in this model [29].

We further investigated the role of HO-1 in LPS induced lung injury, because of the 
known association between decreased Cav-1 and increased HO-1 expression in the lung 
[22, 52].  Like the Smad and Stat signaling pathways, HO-1 can influence pulmonary 
remodeling [23]. HO-1 is a mediator of cyto- and tissue protection against a wide variety 
of injurious insults [23]. Increased HO-1 expression was described in premature infants 
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with respiratory distress syndrome (RDS)[53]. In addition, Maroti et al. suggest that HO-1 
plays a role in the early adaption process with increased expression of HO-1 for 2-3 days 
after birth[54]. A direct link between Cav-1 and HO-1 was characterized by Jin et al. [22], 
when they examined the underlying mechanisms by which Cav-1–/– mice had prolonged 
survival and reduced lung injury after hyperoxia. The apparent resistance to hyperoxia 
in Cav-1–/– pulmonary cells and tissues resulted from increased expression of the stress 
protein HO-1 [22]. Furthermore, Kim et al. demonstrated that HO-1 activity dramatically 
increased in endothelial cells expressing Cav-1 antisense transcripts, suggesting a 
negative regulatory role for Cav-1 [52]. 

In parallel with these observations, the connections between Cav-1 and these signaling 
pathways are consistent with the associations between Cav-1 and the signaling 
pathways in LPS-induced chorioamnionitis. A limitation of this study is that a direct 
mechanistic linkage between Cav-1 and these signaling pathways was not shown 
because of the nature of this translational research model in a large animal. However, 
our results support the involvement of Cav-1 down-regulation and associated signaling 
pathways in the lung remodeling induced by LPS-induced chorioamnionitis. A next step 
is to test therapies that increase Cav-1 bioavailability in the lung of sheep. Razani et al. 
demonstrated that the interaction between Cav-1 and the TGF-β receptor was mediated 
by a small region within the Cav-1 protein identified as the caveolin scaffolding domain 
(CSD) which specifically recognizes and binds to a short amino acid sequence, termed 
the caveolin binding motif, present in TGF-β receptor [55].  Cav-1 function could be 
mimicked by delivery of a penetrating-CSD fusion peptide leading to inhibition of TGF-
β-induced Smad2/3 activation and collagen expression [56]. This peptide might restore 
Cav-1 function in setting of lung injury induced by LPS-induced chorioamnionitis.

Taken together, our study supports a role for Cav-1 in lung remodeling induced by 
antenatal inflammation (Fig. S1). Cav-1 mRNA and protein expression were low in 
lung tissues after antenatal inflammation. In contrast, TGF-β1 increased considerably 
with antenatal inflammation induced lung remodeling [24], which is the basis for the 
hypothesis that TGF-β1 may be one of the negative regulators of lung Cav-1 expression 
[25-27]. In addition, Cav-1 expression is associated with the activation of other signaling 
pathways and enzymes in lung. The Stat- and a-SMase/ceramide pathways and HO-1 
expression may contribute to inflammation and remodeling in the preterm injured lung. 
We do not know whether these events are cause or effects of the loss of pulmonary 
Cav-1. It is also unknown whether Cav-1 has positive or negative effects on airway 
remodeling [8].
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Online data supplement

Materials and Methods

Immunohistochemistry and histological analysis
Lung tissue was fixed in formalin for 24h, embedded in paraffin, and cut into 5-µm 
sections. Endogenous peroxidase activity was removed by incubation with hydrogen 
peroxide. Nonspecific binding sites were blocked with serum. Sections were incubated 
at 4°C overnight with a polyclonal rabbit antibody for Caveolin-1 (sc-894, Santa Cruz 
Biotechnology, Santa Cruz, CA, USA), a monoclonal rabbit Smad2/3-P (Ser465/467) 
(#3108, Cell Signaling Technology, Boston, USA), a monoclonal rabbit Smad1/5-P 
(Ser463/465) (#9516, Cell Signaling Technology, Boston, USA), a monoclonal rabbit 
Stat3-P (Tyr705) (#9145, Cell Signaling Technology, Boston, USA), a polyclonal rabbit 
Stat1-P (Tyr701) (#9171, Cell Signaling Technology, Boston, USA) or a polyclonal goat 
HO-1 (#sc-1796, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Unbound antibody 
was removed with PBS, and the slides were incubated with the secondary biotinylated 
antibody against rabbit IgG (Vector Laboratories, Burlingame, CA) for 1 h at room 
temperature. Immunostaining was visualized by the Vectastain ABC peroxidase Elite kit 
for detection of the antigen-antibody complexes (Vector Laboratories). Omission of the 
primary antibody was the negative control. An average for each sample was calculated 
from five fields that were chosen at random. The intensity of staining was measured 
using a semi-quantitative scale as no staining (0), weak (+1), moderate (+2), or strong 
(+3) by a blinded examiner and results are expressed as percentages of all cells counted. 
Four to five tissue sections from different regions of each lung were analyzed. The 
average counts of all results were calculated for each lung.

RNA extraction and PCR Analysis
Total RNA was isolated from tissue from the right lower lung lobe by guanidinium 
thiocyanate-phenol-chloroform extraction [57]. Purity and yield of the RNA were 
photometrically determined and 1 µg of total RNA was reverse transcribed with 
Omniscript Reverse Transcriptase in a final volume of 20 µl (chemicals were obtained 
from QIAGEN, Germany). PCR primers were constructed on the basis of published 
nucleotide sequences of the ovine Cav-1 and ovRPS15 cDNA.  Ovine ribosomal 
protein S15 (ovRPS15) was used as house-keeping gene. Primer sequences: Fwd Cav-
1:  5’-TGATCAGCCGTGTCTATTCC-3’, Rev Cav-1: 5’-GCGTGTTGATGCGGATATTGC-3’, 
Probe Cav-1: 5’-GFAM-CGTCCACACCTTCTGTGACCCGCT-TAM-3’, Fwd ovRPS15: 5 
‘-CGAGATGGTGGGCAGCAT-3’, Rev ovRPS15: 5 ‘GCTTGATT TCCACCTGGTTGA-3’ and 
Probe ovRPS15:  5 ‘-VIC-CCGGCGTCTACAACGG CAAGACC-TAMRA -3’. Cav-1 and ovRPS15 
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primers and probes were purchased from Sigma-Aldrich Chemie GmbH (Munich, 
Germany). All PCRs were performed with 1 μg/μl cDNA per reaction in duplicates of 30 μl 
volume on an ABI Prism 7300 Sequence Detection System (TaqMan) using a 2-step PCR 
protocol with 40 cycles of 95°C for 15s and 60°C for 1 min. Universal master mix from 
Applied Biosystems contained all reagents including Taq-polymerase apart from specific 
primers and probes. The amplification batches did not include template controls. Neither 
negative controls nor mRNA resulted in elevated fluorescence signals after PCR. Dilution 
experiments were performed to ensure similar efficiency of the PCRs, and standard 
curves were calculated based on the threshold cycle to the log of each cDNA dilution 
step. Results of Cav-1 were normalized to ovRPS15 and mean fold changes in mRNA 
expression were calculated by the ΔΔCt-method [58].

Western-Blot analysis
Frozen lung tissue was homogenized in ice-cold buffer containing 50 mM Tris-HCl, pH 
7.5, 1 mM EGTA, 1 mM EDTA, and protease inhibitor cocktail (complete minitablets; 
Roche, Mannheim, Germany) supplemented with 1 mM phenylmethylsulfonyl 
fluoride (Sigma Chemical, Munich, Germany). The samples were sonicated and then 
centrifuged at 500 g for 20 min at 4°C to remove cellular debris. Protein content in 
the supernatant was determined by the bicinchoninic acid method, with BSA as the 
standard. Protein samples (50 µg/lane) were boiled and loaded with a molecular weight 
marker (Invitrogen, Karlsruhe, Germany) on NuPAGE 4–12% Bis•Tris gel (Invitrogen, 
Darmstadt, Germany) under reducing conditions. The proteins were electroblotted onto 
a Hybond-P polyvinylidene difluoride membrane (Amersham Life Science, Freiburg, 
Germany), and the blots were blocked for 1 h in 5% nonfat dry milk in TBS with 0.1% 
Tween 20. Western Blots were probed with primary antibodies to Cav-1 (sc-894, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), Stat3-P (#9145, Cell Signaling Technology, 
Boston, USA), Stat1-P (#9171, Cell Signaling Technology, Boston, USA) and HO-1 (#sc-
1796, Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by the corresponding 
horseradish peroxidase-conjugated secondary antibody (Pierce, Bonn, Germany) for 
1 h at room temperature. The reaction was visualized on X-ray medical film (Konica 
Minolta, Unterföhring, Germany) after incubation of membranes with luminol-
based chemiluminescence reagent (Pierce Biotechnology, Rockford, IL) for 1 min. For 
normalization of the experiments, membranes were stripped, as recommended by the 
manufacturer (Pierce Biotechnology), and reprobed with an antibody against β-actin 
(Santa Cruz Biotechnology). Specific protein bands were visualized using enhanced 
chemiluminescence (SuperSignal West Dura, Pierce Inc., Bonn, Germany) and detected 
using the LAS 3000 computer-based luminescent image analyzer (FujiFilm, Tokyo, Japan). 
Accumulated signals were analyzed using AIDA software (Raytest, Germany).
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Statistical Analysis
Results are given as means ± standard error of mean. Comparisons between the groups 
were performed by analysis of variance (ANOVA) with Student-Newman tests for post 
hoc analysis. Significance was accepted at p<0.05. All statistical analyses were performed 
using the statistical software GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, 
USA). 

Figures:

Figure S1: Model of the possible role of TGF-β1, Cav-1 and downstream mechanisms in 
remodeling in preterm lungs.

An initial triggering event such as antenatal inflammation results in an increase of TGF-β1 mediating 
a decrease in Cav-1 gene expression. This Cav-1 decrease then shifts TGF-β internalization to the 
EEA-1 pathway, leading to accentuation and perpetuation of the TGF-β1 effects and simultaneously 
causing further down-regulation of Cav-1 gene expression. One unique feature of this regulatory 
pathway would be that it provides a plausible mechanism for the perpetuation of TGF-β1 effects 
during airway remodeling following an initial triggering event. In addition, Cav-1 seems to 
influence other signaling pathways and enzymes in lung, as shown for the Stat- and a-SMase/
ceramide pathways and HO-1 expression, contributing to inflammation and remodeling processes 
in the preterm injured lung. 
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Abstract
Inflammation and antenatal glucocorticoids, the latter given to mothers at risk for 
preterm birth, affect lung development and may contribute to the development 
of bronchopulmonary dysplasia (BPD). The effects of the combined exposures on 
inflammation and antenatal glucocorticoids on transforming growth factor (TGF)
β signaling are unknown. TGFβ and its downstream mediators are implicated in the 
etiology of BPD. Therefore we asked whether glucocorticoids altered intra-amniotic 
lipopolysaccharide (LPS) effects on TGFβ expression, its signaling molecule pSmad2, and 
the downstream mediators connective tissue growth factor (CTGF) and Caveolin-1 (Cav-
1). Ovine singleton fetuses were randomized to receive either an intra-amniotic injection 
of LPS and/or maternal betamethasone (Beta) intra-muscularly with delivery at 120 days 
GA (term=150 days GA). Saline was used for controls. Protein levels of TGFβ1 and 2 were 
measured by ELISA. pSmad2 expression was assessed by immunohistochemistry. CTGF 
and Cav-1 mRNA and protein levels were determined by RT-PCR and Western blot. Free 
TGFβ1 and 2 and total TGFβ1 levels were unchanged after LPS and/or Beta exposure, 
although total TGFβ2 increased in animals exposed to Beta 7 days before LPS. Smad2 
phosphorylation increased 7 days after LPS exposure. Similarly, CTGF mRNA and protein 
levels increased 7 days after LPS exposure as Cav-1 mRNA and protein levels decreased. 
Beta exposure prior to LPS prevented Smad2 phosphorylation, CTGF induction and Cav-1 
down-regulation. This study demonstrated that the intra-uterine inflammation induced 
TGFβ signaling can be inhibited by antenatal glucocorticoids in fetal lungs.

Introduction
A high percentage of preterm infants is exposed to antenatal inflammation [1, 2], 
including chorioamnionitis [3], sepsis [4, 5], inflammation resulting from oxidative 
stress [6] and volutrauma [7], or a combination of these pre- and postnatal causes 
of inflammation. Exposure to inflammation is associated with the development 
of bronchopulmonary dysplasia (BPD) [7-9]. BPD is characterized by a decrease in 
alveolarization and vascularization and by the need for supplemental oxygen [10]. The 
etiology of BPD is multifactorial and very complex. For example, in clinical practice, 
antenatal glucocorticoids are given to women at risk for preterm birth. However, 
glucocorticoids also inhibit alveolarization [11, 12]. 

Transforming growth factor β (TGFβ), as a mediator of inflammation, has been linked to 
the etiology of BPD [13, 14]. The relevance of TGFβ in BPD is supported by findings in 
several animal models [15-18]. Interestingly, glucocorticoids decrease TGFβ production in 
experimental models with pulmonary cells [19, 20]. TGFβ is expressed in three isoforms, 
TGFβ1, TGFβ2 and TGFβ3, each of which have distinct roles in the developing lung as 
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regulators of cell proliferation, remodeling,  repair [21, 22] and as an anti-inflammatory 
cytokine [21]. With activation by cleavage from the latent TGFβ binding protein (LTBP), 
TGFβ binds TGFβ receptor II (TGFβRII), which then forms a complex with TGFβ receptor I 
(TGFβRI) [21, 22]. TGFβRI then can phosphorylate Smad2 and -3, which in turn complex 
with Smad4, leading to TGFβ activated gene transcription [21, 22]. TGFβ also has effects 
through several downstream mediators, including connective tissue growth factor 
(CTGF) and Caveolin-1 (Cav-1). CTGF contributes to tissue remodeling and fibrosis [23] 
and may contribute to the pathogenesis of BPD through both ventilation mediated 
injury and inflammation [17, 24, 25]. Cav-1 is a component of caveolae, omega-shaped 
invaginations of the plasma membrane which facilitate protein trafficking and signal 
transduction [26, 27]. Cav-1 regulates the contractile phenotype of maturing airway 
smooth muscle cells under influence of TGFβ1 [28]. Altered expression of Cav-1 has been 
implicated in the pathogenesis of several lung diseases [29]. Cav-/- mice have thickened 
alveolar walls and irregular alveolar spaces with increased deposition of extracellular 
matrix and TGFβ activity, whereas overexpression of Cav-1 aggravates LPS-induced 
inflammation and subsequent lung injury [26, 30].

Previously, we reported that TGFβ1 and pSmad2 were up-regulated in fetal lambs 
exposed to intra-uterine LPS and brief postnatal ventilation [17, 31]. These increases were 
associated with down regulation of CTGF and Cav-1 [17, 31]. It is however unknown how 
a combined exposure to antenatal inflammation and glucocorticoids, common for many 
preterm fetuses [32, 33], might affect TGFβ signaling and its downstream mediators. 
Therefore we asked whether glucocorticoids alter the effect of LPS on TGFβ expression, 
the phosphorylation of its transcription factor Smad2, and the expression of its regulated 
genes CTGF and Cav-1. We hypothesized that maternal betamethasone would modulate 
LPS induced activation of the TGFβ signaling pathway and the expression of CTGF and 
Cav-1.

Materials and methods

Animal model and sampling protocol
All studies were approved by the Animal Ethics Committees at The University of Western 
Australia (animal ethics protocol RA/3/100/830) and Cincinnati Children’s Hospital 
Medical Center. The experimental design and lung maturation outcome of this study 
was published previously [34]. Time-mated ewes with singleton fetuses were randomly 
assigned to one of six treatment groups to receive an intra-amniotic (IA) injection of 
lipopolysaccharide (LPS) (10 mg Escherichia Coli 055:B5, Sigma Aldrich, St. Louis, MO, 
USA) and/or an intra-muscular injection of betamethasone (Beta) (Celestone Soluspan, 
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Schering-Plough, North Ryde, New South Wales (NSW), Australia, 0.5 mg/kg maternal 
weight) and/or an equivalent injection of saline for control animals at 107 days and/
or 114 days GA. An overview of the number of animals included in each group is 
presented in table 1. Due to fetal losses, the animals that had been assigned to a 14 day 

Table 1: Group names and animal numbers

Group Number of animals (n)
Control 5
7d LPS 8

14d LPS 8
7d Beta 7

14d Beta + 7d LPS 6
14d LPS + 7d Beta 8

LPS - lipopolysaccharide; Beta - betamethasone; d - day

betamethasone group were reassigned to other groups as combined exposures were 
given a higher priority [34].  All ewes in this study received a single intra-muscular 
injection of 150 mg medroxyprogesterone acetate (Depo-Provera, Kenral, NSW, Australia) 
at 100 days GA to reduce the risk of preterm birth induced by betamethasone treatment. 
Lambs were surgically delivered at 120 days GA (term = 150 days GA) and euthanized 
directly after birth. Lung tissue from the right lower lobe was snap frozen and the right 
upper lobe was inflation-fixed in 10% buffered formalin for 24 hours. 

Analysis of TGFβ1 and TGFβ2
Frozen lung tissue was homogenized (PRO Quick Connect Generators part no. 02-07095; 
PRO Scientific Inc., Oxford, CT) in ice-cold RIPA buffer (Sigma Aldrich) containing 0.1% 
protease inhibitors (Sigma Aldrich) and subsequently centrifuged at 12 rcf for 5 minutes 
at 4°C.  Free, bound and total TGFβ1 and TGFβ2 (referred to by R&D Systems as active, 
latent and total TGFβ) were measured with R&D DuoSet ELISA development kits (human 
TGFβ1: DY240, human TGFβ2: DY302, R&D Systems, Minneapolis, MN, USA) according to 
manufacturer’s instructions. Protein concentrations of TGFβ1 and TGFβ2 were calculated 
per kilogram bodyweight. 

Immunohistochemistry
Paraffin embedded lung sections (4 µm, transverse) were stained for phosphorylated 
mothers against decapentaplegic homolog 2 (pSmad2, Ser465/467) (#3101, Cell 
Signaling Technology, Boston, USA) and connective tissue growth factor (CTGF) (sc-
14939, Santa Cruz Biotechnology, Santa Cruz, USA). CTGF staining was performed as 
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described previously [35]. For pSmad2, the sections were deparaffinized in an ethanol 
series and endogenous peroxidase-activity was blocked by incubation with 3% H2O2 in 
milli-Q. Antigen retrieval was performed by incubating the sections in heated citrate 
buffer (10 mM, pH 6.0) for 30 minutes. In order to block aspecific binding, the slides 
were incubated with 5% NGS in 1x tris-buffered saline (TBS, pH 7.6) with 0.1% Tween. 
Sections were incubated overnight at 4°C with the diluted primary antibody (pSmad2: 
1/2000, CTGF: 1/75). After incubation with the appropriate secondary antibody, 
immunostaining was enhanced with Vectastain ABC peroxidase Elite kit (PK-6200, 
Vector Laboratories, Burlingame, USA) and stained with nickel sulfate-diaminobenzidine 
(NiDAB). Subsequently, the sections were rinsed in Tris/saline and incubated with Tris/
cobalt. After counterstaining with 0.1% Nuclear Fast Red, the sections were washed 
and dehydrated. Evaluation was performed by light microscopy (Axioskop 40, Zeiss, 
Germany) with LeicaQWin Pro v.3.4.0 software (Leica Microsystems, Germany). Sections 
were scored for positive pSmad2 or CTGF with a semi-quantitative scoring system by a 
blinded observer: 1 – little staining, 2 – some staining, 3 – strong staining, 4 – very strong 
staining.

RNA extraction and real-time PCR
Total RNA was extracted from frozen lung tissue using the SV Total RNA Isolation system 
(Z3100, Promega, Madison, USA) according to the manufacturer’s instructions. Genomic 
DNA contamination was removed by treatment with RQ1 DNase (M610A, Promega) 
and the RNA was tested for the presence of genomic GAPDH as described previously. 
Total RNA was reverse transcribed with the First Strand cDNA synthesis kit (4379012001, 
Roche-Applied, Mannheim, Germany) according to manufacturer’s instructions using 
anchored oligo-primers.  RT-PCR reactions were performed in duplicate with the 
LightCycler 480 SYBR Green I Master mix (4707516001, Roche-Applied) on a LightCycler 
480 Instrument according to the manufacturer’s instructions. RT-PCR results were 
normalized to ovRSP15 [31], a housekeeping gene, and mean fold changes in mRNA 
expression were calculated by the ΔΔCt-method [36]. CTGF primers were based on 
the published CTGF cDNA sequence of Ovis aries (NM_001164714.1). CTGF primer 
sequences: FW: 5’- TATAGCTCCAGCGACAGCTC-3’, RV: 5’- ACGAACTTGACTCAGCCTCA-3’, 
amplicon size=64bp, Tm=62°C. Cav-1 primers have been reported previously [31].

Western blot 
The western blot for caveolin-1 was performed as described previously [31]. Briefly, 
frozen lung tissue was homogenized in ice-cold buffer containing 50 mM Tris•HCl, pH 
7.5, 1 mM EGTA, 1 mM EDTA, and protease inhibitor cocktail (complete minitablets; 
11836153, Roche-Applied) supplemented with 1 mM phenylmethylsulfonyl fluoride 
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(Sigma Aldrich). The samples were sonicated and then centrifuged at 500 g for 20 min 
at 4°C to remove cellular debris. Protein content in the supernatant was determined 
by the bicinchoninic acid method, with BSA as the standard. Protein samples (50 μg/
lane) were boiled (5 minutes, 95°C) and loaded with a molecular weight marker 
(LC5602, Invitrogen-Life Technologies Ltd, Paisley, UK) on NuPAGE 4–12% Bis•Tris gel 
(NP0321PK2, Invitrogen) under reducing conditions. The proteins were electroblotted 
onto a Hybond-P polyvinylidene difluoride membrane (RPN1416F, Amersham Life 
Science, Freiburg, Germany), and the blots were blocked for 1 h in 5% nonfat dry milk 
in 1x TBS with 0.1% Tween 20. Western Blots were probed with primary antibodies to 
Cav-1 (sc-894, Santa Cruz Biotechnology), followed by the corresponding horseradish 
peroxidase-conjugated secondary antibody (32430/32460, Pierce, Bonn, Germany) for 
1 h at room temperature. The reaction was visualized on X-ray medical film (Konica 
Minolta, Unterföhring, Germany) after incubation of membranes with luminol-based 
chemiluminescence reagent (32106, Pierce Biotechnology, Rockford, IL) for 1 min. For 
normalization of the experiments, membranes were stripped, as recommended by the 
manufacturer (Pierce Biotechnology), and reprobed with an antibody against β-actin 
(sc-130301, Santa Cruz Biotechnology). Specific protein bands were visualized using 
enhanced chemiluminescence (SuperSignal West Dura, Pierce Biotechnology) and 
detected using the LAS 3000 computer-based luminescent image analyzer (FujiFilm, 
Tokyo, Japan). Accumulated signals were analyzed using AIDA software (Raytest, 
Germany). 

Data analysis 
Results are given as means ± standard error of mean (SEM). The groups were compared 
using one-way ANOVA with Tukey’s test for post-hoc analysis. Statistical analysis was 
performed by GraphPad Prism v5.0. Significance was accepted at p<0.05.

Results

LPS and betamethasone induced expression of TGFβ pathway members
Exposure to LPS and/or betamethasone did not change the amount of free (Figure 1A) 
and total (Figure 1B) TGFβ1 in the fetal lung tissue compared to controls. The amount 
of free TGFβ2 (Figure 1C) also remained unchanged. Total TGFβ2 levels increased in the 
animals that were exposed to betamethasone 7 days before exposure to LPS (Figure 1D). 
There was a non-significant trend towards increased TGFβ1 and 2 expressions in the fetal 
lung 7 days after the LPS exposure.  

Expression of pSmad2 was mainly detected in the nucleus of epithelial cells. The relative 



 Effects of betamethasone and LPS on TGFβ signaling

89

expression of pSmad2 increased 7 days after the exposure to LPS compared to controls 
(Figure 2E). Treatment with betamethasone 7 days before the exposure to LPS prevented 
the increase in pSmad2. Representative images are shown for controls (Figure 2A), 7 day 
betamethasone exposed lungs (Figure 2B), 7 day LPS exposed lungs (Figure 2C) and 14 
day betamethasone followed by LPS exposed lungs (Figure 2D). 

CTGF mRNA levels increased 7 days after the exposure to LPS, and this increase was 
prevented by betamethasone treatment 7 days before LPS exposure (Figure 3A). Relative  
CTGF protein expression showed similar changes with increased expression after LPS 
exposure (Figure 3B). Treatment with betamethasone before the exposure to LPS 
prevented the increase in CTGF protein expression. 

Figure 1: Expression of TGFβ1 and 2 in the fetal lung. 
A: Protein expression of free TGFβ1 in the fetal lung tissue did not change by exposure to intra-
amniotic LPS and/or maternal betamethasone. B: Total TGFβ1 was unchanged by LPS and/or 
betamethasone exposure. C: LPS and/or betamethasone exposure did not change the protein 
expression of free TGFβ2. D: Total TGFβ2 levels increased in the animals that were exposed to 
betamethasone 7 days before exposure to LPS.BW – bodyweight. * p<0.05 versus controls using a 
one-way ANOVA with Tukey’s post hoc test.
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Figure 2: Betamethasone prevented LPS-mediated induction of pSmad2.
Phosphorylated-Smad2 (pSmad2) expression in alveolar tissue as seen in controls (A), 7 days after 
betamethasone (Beta) treatment (B) 7 days after LPS exposure (C) and after a combination of pre-
treatment with Beta followed by 7 days LPS (D). E:  The relative expression of pSmad2 increased 
7 days after the exposure to LPS compared to controls and was prevented by betamethasone pre-
treatment. * p<0.05 versus controls and § p<0.05 between experimental groups using a one-way 
ANOVA with Tukey’s post hoc test.
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Figure 3: Betamethasone prevented LPS-mediated induction of CTGF expression. 
A: CTGF mRNA levels increased 7 days after the exposure to LPS in the fetal lung which was 
prevented by betamethasone pre-treatment. B: 7 days after the exposure to LPS CTGF protein 
expression increased. Pre-treatment with betamethasone before the exposure to LPS prevented 
the increase in CTGF protein expression.  * p<0.05 versus controls and § p<0.05 between 
experimental groups using a one-way ANOVA with Tukey’s post hoc test.

Betamethasone prevented decreased Caveolin-1 expression after LPS 
exposure
Intra-amniotic LPS decreased Caveolin-1 mRNA levels (Figure 4A) and protein expression 
(Figure 4B) 7 days after the exposure by 50% compared to controls. Treatment with 
betamethasone prior to the LPS exposure prevented this decrease. Betamethasone 
treatment 7 days after the exposure to LPS increased Caveolin-1 mRNA compared to a 
single 14 day LPS exposure.

Discussion
Antenatal exposure to either inflammation or glucocorticoids causes maturational 
responses in the developing lung, but also contributes to the development of BPD [10, 
37]. A combination of these exposures in preterm neonates is frequent [33, 38], yet 
it is unclear whether these stimuli create additive or antagonistic effects on signaling 
pathways that direct lung development. 

Recently, we demonstrated in preterm sheep that exposure to intra-amniotic LPS 14 
days and maternal betamethasone 7 days before preterm delivery caused a larger 
maturational response than either agent alone, as measured by surfactant production 
and lung compliance [34]. A recent meta-analysis by Been and colleagues also concluded 
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Figure 4: LPS exposure decreased 
Caveolin-1 expression in the fetal lung. 
A: Intra-amniotic LPS decreased 
caveolin-1 mRNA levels 7 days after the 
exposure by 50% compared to controls. 
Pre-treatment with betamethasone 
prior to the LPS exposure prevented this 
decrease. Betamethasone treatment 
7 days after the exposure to LPS also 
increased caveolin-1 mRNA compared 
to animals only exposed to LPS for 14 
days. B: Caveolin-1 protein expression 
decreased 7 days after LPS exposure 
which was prevented by betamethasone 
pre-treatment. * p<0.05 versus controls 
and § p<0.05 between experimental 
groups using a one-way ANOVA with 
Tukey’s post hoc test.

that antenatal steroids improved 
neonatal outcomes after 
preterm birth associated with 
chorioamnionitis [39]. Surprisingly 
the antagonistic combination of 
inflammation and anti-inflammatory 
glucocorticoids caused more lung 
maturation than either stimulus 
alone. The changes in the fetal lungs 
have been described as “maturation” 
because of the improved physiology 
for gas exchange, but multiple 
aspects of lung development may 
be abnormal. It is unknown whether antenatal glucocorticoids and inflammation share 
common modulatory mechanisms or work in parallel [40]. 

Lung development is orchestrated by multiple pathways, one of which is the TGFβ 
pathway. A balanced and timed expression of TGFβ is crucial for both embryonic and fetal 
lung development, as TGFβ signaling is essential for lung bud formation [41], whereas 
overexpression of TGFβ later in lung development inhibits branching morphogenesis [42] 
and alveolarization [43]. We asked how TGFβ, the phosphorylation of its transcription 
factor Smad2, and its regulated genes CTGF and Cav-1, would be affected by sequential 
exposure to both LPS-induced inflammation and antenatal glucocorticoids in a large 
mammalian model relevant to the preterm infant. Exposure of fetal lambs to only 
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LPS increased TGFβ1 and 2 levels in the lung after 7 days, although not significantly. 
The moderate increase in TGFβ levels can potentially explain the increased alveolar 
pSmad2 7 days after LPS exposure. Downstream of TGFβ signaling CTGF increased, 
which is consistent with the general understanding of this pathway [17, 44]. In another 
study however, in which lambs received an IA injection of LPS plus subsequent short 
time mechanical ventilation at a later time point in gestation, a decrease in CTGF 
was reported despite increased TGFβ1 and pSmad2 levels [17]. TGFβ signaling also is 
supported by decreased caveolin-1, a structural component of caveolae which facilitates 
the degradation of TGFβ receptors [45, 46]. This is consistent with our previous study, 
in which intra-uterine LPS exposure was also associated with decreased Cav-1 and 
increased pSmad2 levels in the fetal sheep lung after 2 and 7 days of LPS exposure [31].

The anti-inflammatory effects of maternal glucocorticoids include inhibition of TGFβ 
transcription and production [19]. In BPD patients, prenatal corticosteroid exposure 
decreased TGFβ levels in endotracheal aspirate fluid [14]. In contrast to LPS exposed 
lambs, the levels of both pSmad2 and CTGF were at control levels in the lungs of fetal 
lambs that had been exposed to antenatal betamethasone in addition to LPS. The same 
was true for Cav-1 expression, as a negative regulator of TGFβ signaling. While we found 
no direct inhibitory effect of prenatal glucocorticoids on TGFβ, maternal glucocorticoids 
counteracted LPS-induced TGFβ pathway activation. The anti-inflammatory capabilities 
of glucocorticoids are often attributed to the antagonistic interactions of the 
glucocorticoid receptor (GR) with several subunits of NF-κB, a transcriptional activator 
of pro-inflammatory genes [47, 48]. However, glucocorticoids can maintain or even 
increase LPS-induced inflammation, implying that activation of NF-κB is not the only 
inducer of pro-inflammatory gene transcription. Activation of both NF-κB and the GR can 
have very different effects on signaling pathways, and can lead to either up-regulation 
or silencing of different clusters of genes [49]. TGFβ signaling has been implicated in 
inflammation-induced maturation [13, 17, 43]. Our results in fetal sheep do not support 
a role for TGFβ signaling in corticosteroid-induced maturation. GR activation by synthetic 
glucocorticoids like betamethasone can stimulate caveolin-1 expression and caveolae 
formation selectively in alveolar epithelial cells [50], supporting our observation of the 
counteractive effect of betamethasone exposure for LPS-induced TGFβ-signaling. It is 
unclear why TGFβ2 is specifically up-regulated after a sequential exposure to LPS and 
betamethasone, but not to a single exposure to either stimulus. Perhaps this could be a 
side effect of co-activation of NF-κB and the GR as described by Rao and colleagues [49].

Our results support the involvement of TGFβ, CTGF and Cav-1 in the pulmonary response 
to LPS-induced inflammation, which in turn may be involved in the maturational response 
seen in the same animals [34]. TGFβ pathway components, such as CTGF, have promise 
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as therapeutic targets for the treatment of BPD, particularly after ventilation induced 
injury [24]. Although our study has identified interactions of LPS, glucocorticoids and 
TGFβ in a time-dependent manner, a detailed exploration using this large animal model 
with multiple time points of assessment is impractical. We have, however, demonstrated 
interferences between LPS and corticosteroid mediated molecular effects in the 
developing lung. These interactions will pose a challenge for the future development of 
treatment strategies, as perinatal inflammation and ante- or postnatal administration of 
glucocorticoids are very common.
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Abstract
Background: Bronchopulmonary dysplasia (BPD) is one of the most common 
complications of preterm birth and is associated with intra-uterine exposure to bacteria, 
which is diagnosed as chorioamnionitis. The resultant pulmonary inflammation can 
arrest lung development. Transforming growth factor (TGF)β participates in changes after 
prenatal inflammatory lung injury that progresses to BPD. We asked whether activation 
of the immune system by single or double fetal exposures to different bacterial agents 
would affect TGFβ signaling in fetal lungs similarly.

Methods: Time-mated pregnant ewes received an intra-amniotic injection of 10 mg 
Escherichia coli 055:B5 lipopolysaccharide (LPS) and/or 2x107 colony forming units 
Ureaplasma parvum serovar 3 (UP) and/or an equivalent injection of saline or media for 
control animals at 117 days (d) and/or 121-122d gestation (GA). Lambs were euthanized 
at 124d GA (with term being 150d GA). TGFβ1, TGFβ2, TGFβ3, TGFβR1 and TGFβR2 
protein levels, Smad2 phosphorylation and elastin deposition were evaluated in lung 
tissue.

Results: Total TGFβ2 concentrations decreased by 50% 2 days after single LPS and after 
UP+LPS exposure. TGFβ1 and 2 concentrations were unaffected in UP only and double 
LPS exposed lungs. Alveolar expression of TGFβR2 increased 75% after 2d LPS and 
decreased 75% after 3d UP, but remained unaltered after double exposures. Neither 
TGFβR1 expression nor Smad2 phosphorylation changed after LPS or UP exposure. 
Decreased focal elastin deposition after LPS exposure(s) was prevented by UP exposure.

Conclusions: TGFβ signaling components responded differently to intra-uterine LPS 
and UP exposure, but were not altered after exposure to both LPS and UP. Contrary 
to observations after single exposures, focal elastin deposition was unchanged after 
exposure to the two inflammatory mediators. These results suggest that multiple 
bacterial exposures attenuated TGFβ signaling and normalized elastin deposition.

Background
Bronchopulmonary dysplasia (BPD), the most common adverse outcome after preterm 
birth [1], is characterized by arrested alveolar development resulting in fewer but larger 
alveoli [2, 3]. The development of BPD is associated with pulmonary inflammation, which 
may result from antenatal exposure to pathogens associated with chorioamnionitis 
[4-6]. Although many different microbes have been identified in amniotic fluid [7], 
the most common bacteria found in the placenta and membranes of preterm infants 
are Ureaplasma spp [8-10]. Culture-positive placental tissue of 41 percent of preterm 
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neonates delivered before 27 weeks was however polymicrobial [11]. It is unclear 
how this exposure to multiple bacteria affects the fetal immune response. A single 
inflammatory and immunologic trigger will elicit variable fetal inflammatory responses 
in several animal models, including fetal baboons, rhesus macaques and sheep [12-
20]. Interestingly, repeated exposure to lipopolysaccharide (LPS) in fetal sheep induced 
tolerance to a second challenge with LPS in monocytes isolated from the blood and lungs 
[16, 21, 22]. Repeated LPS exposure suppressed Toll-like Receptor (TLR) 2, 4, 5 and 9 
signaling in monocytes from the fetal lung and blood [22]. Recently, we reported that the 
fetal immune response to LPS was not changed by a short term intra-amniotic exposure 
to ureaplasmas in fetal sheep [17]. However a long fetal exposure to ureaplasmas 
suppressed the fetal immune system to intra-amniotic LPS [17]. The interactions of the 
immune system with both ureaplasmas and LPS may be complex, as each is recognized 
by different TLRs. LPS, a cell wall component of Gram-negative bacteria, activates TLR4 
by binding to the CD14 receptor, which in turn triggers myeloid differentiation factor-88 
(MyD88)-dependent and -independent pathways [23, 24]. In contrast, Ureaplasma spp. 
activate TLR1, 2 and 6 with cell membrane associated lipoproteins, as they lack a cell 
wall [25].

The links between inflammation and the arrest in alveolar development are a focus of 
ongoing experimental and clinical studies. Transforming growth factor (TGF)β, an anti-
inflammatory cytokine, has an ambiguous role in the pathogenesis of BPD [26, 27], as 
it is also a growth factor for lung development and repair [28]. TGFβ is produced in a 
latent form which is cleaved to be activated [28]. Inflammation-mediated changes in 
the biological activity of TGFβ may contribute to the arrest in alveolar development 
leading to BPD [5, 29, 30]. Because chorioamnionitis is frequently polymicrobial, we 
hypothesized that different and/or multiple bacterial signals could elicit divergent TGFβ 
signaling responses in the developing lung. We used models of chorioamnionitis [12, 16, 
17] in which fetal sheep received short term intra-amniotic exposures of LPS or U. parvum 
serovar 3, or both. Expression and activation of TGFβ1, 2 and 3 and TGFβ receptors 1 
and 2 were measured in fetal lungs. In addition, intracellular activation of the TGFβ 
signaling pathway was assessed by phosphorylation of mothers against decapentaplegic 
homolog 2 (Smad2), which acts as a signal transducer upon coupling and activation of 
TGFβ receptors 1 and 2 [31].  Focal elastin deposition, thought to play a crucial role in 
the outgrowth of secondary septa [32, 33], was quantified as a measure for arrested 
alveolar development. We found that TGFβ signaling components responded differently 
to intra-uterine LPS and Ureaplasma exposure, but were not altered after exposure to 
both LPS and Ureaplasmas. Contrary to observations after single exposures, focal elastin 
deposition was unchanged after exposure to the two inflammatory mediators.
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Methods

Animal model and sampling protocol
All studies were approved by the Animal Ethics Committees at The University of Western 
Australia, the Queensland University of Technology and at the Cincinnati Children’s 
Hospital Medical Center. The description of the animals has previously been published 
[12, 16, 17]. Briefly, Ureaplasmas were cultured and prepared for the intra-amniotic 
injections as reported previously [12, 18]. Time-mated ewes with singleton fetuses 
were randomized to receive an ultrasound guided intra-amniotic (IA) injection of 
either Ureaplasma parvum serovar 3 (2x107 colony forming units) (UP) at 117 or 121 
days gestational age (GA) and/or an IA injection of lipopolysaccharide (LPS) (10 mg 
Escherichia coli 055:B5, Sigma Chemical, St. Louis, MO, USA) at 117 and/or 122 days GA. 
Controls were injected concurrently for each intervention with either of saline or 10 B 
media inoculum [18]. This resulted in 9 experimental groups: 2d LPS (6 lambs), 7d LPS (7 
lambs), 2+7d LPS (6 lambs), saline injected controls (6 lambs), 3d UP (7 lambs), 7d UP (4 
lambs), media injected controls (8 lambs), 2d LPS + 7d UP (7 lambs) and saline and media 
injected controls (5 lambs). Preterm lambs were delivered and euthanized at 124 days 
GA (term=150 days GA). The lungs were pressure inflated to measure a maximal lung gas 
volume at 40 cm H2O airway pressure [34]. Tissue from the right lower lobe (RLL) of the 
lung was snap frozen and the right upper lobe (RUL) was inflation-fixed at 30 cmH2O in 
10% buffered formalin for 24 hours. 

Protein extraction and enzyme-linked immunosorbent assay (ELISA) of TGFβ1, 
TGFβ2 and TGFβ3
Frozen lung tissue from the RLL was homogenized (PRO Quick Connect Generators part 
no. 02-07095; PRO Scientific Inc., Oxford, CT)  in ice-cold RIPA buffer (Sigma Aldrich) 
containing 0.1% protease inhibitors (Sigma Aldrich) and subsequently centrifuged at 12 
rcf for 5 minutes at 4°C [35]. Free, bound and total TGFβ1, TGFβ2 and TGFβ3 (referred to 
by R&D Systems as active, latent and total TGFβ) were measured with R&D DuoSet ELISA 
development kits (human TGFβ1: DY240, human TGFβ2: DY302, human TGFβ3: DY243, 
R&D Systems, Minneapolis, MN, USA) according to manufacturer’s instructions [35, 36]. 
TGFβ1 and TGFβ2 protein concentrations were calculated per kilogram bodyweight and 
reported as a mean fold change compared to controls. 

Immunohistochemistry 
Paraffin-embedded RUL lung sections (4 µm, transverse) were stained for transforming 
growth factor β receptor 1 (TGFβR1) (ab31013, Abcam, Cambridge, UK), transforming 
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growth factor β receptor 2 (TGFβR2) (ab28382, Abcam, Cambridge, UK) and 
phosphorylated mothers against decapentaplegic homolog 2 (pSmad2, Ser465/467) 
(#3101, Cell Signaling Technology, Boston, USA). Briefly, sections were deparaffinized in 
an ethanol series and endogenous peroxidase-activity was blocked by incubation with 
0.3% H2O2 in 1x phosphate buffered saline (PBS, pH 7.4) (for TGFβR1 and 2) or 3% H2O2 in 
milli-Q (for pSmad2). Antigen retrieval was performed by incubating the slides in heated 
citrate buffer (10 mM, pH 6.0) for 30 minutes. To prevent non-specific binding, sections 
were incubated with 20% normal goat serum (NGS) in PBS (for TGFβR1 and 2) or 5% 
NGS in 1x tris-buffered saline (TBS, pH 7.6) with 0.1% Tween (for pSmad2). Sections 
were incubated overnight at 4°C with the diluted primary antibody (TGFβR1: 1/100, 
TGFβR2: 1/500, pSmad2: 1/2000). After incubation with the secondary antibody (swine-
anti-rabbit Ig*biotin, E0353, DAKO), immunostaining was enhanced with Vectastain ABC 
peroxidase Elite kit (PK-6200, Vector Laboratories, Burlingame, USA) and visualized with 
nickel sulfate-diaminobenzidine (NiDAB). Subsequently, the sections were rinsed in Tris/
saline and incubated with Tris/cobalt. After counterstaining with 0.1% Nuclear Fast Red, 
the sections were washed, dehydrated and coverslipped. 

Evaluation was performed by light microscopy (Axioskop 40, Zeiss, Germany) with 
LeicaQWin Pro v.3.4.0 software (Leica Microsystems, Germany). For each animal three 
random locations of the section were photographed at 200x and 400x magnification. 
Sections were scored by a blinded observer for positive TGFβR1, TGFβR2 and pSmad2 by 
ranking all sections by ascending staining intensity by a blinded observer. After ranking, 
the scores of each experimental group were normalized to the average score of the 
control group, and statistical analysis was performed as described below.

Elastin staining 
Elastin staining was performed on paraffin-embedded RUL lung sections (4 µm, transverse) 
[37]. Briefly, the sections were deparaffinized in an ethanol series and incubated for 
20 minutes in Weigerts Resorcine-Fuchsine (Chroma, 2E 030) at 60-70°C. After rinsing 
with water, the sections were incubated for 3 minutes in a tartrazin solution at room 
temperature. Subsequently the sections were washed and dehydrated in ethanol and 
xylol. Evaluation was performed by light microscopy (Zeiss, Axioskop 40) with LeicaQWin 
Pro v.3.4.0 software. Elastin foci were counted using Image J software (Rasband, W.S., 
ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA) [12], corrected for 
photomicrograph surface area, and expressed as elastin foci/mm2. The values of each 
experimental group were normalized to the average value of the control group. Results 
for 3 and 7 day ureaplasma exposure were reported previously [12].
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Data analysis
Results are given as means ± standard error of mean (SEM). The groups were compared 
using one-way ANOVA with Dunnett’s test for post-hoc analysis. Two group comparisons 
were done by Mann-Whitney test. Statistical analysis was performed by GraphPad Prism 
v5.0. Significance was accepted at p<0.05.

Results

Modulated expression of TGFβ signaling components in response to a single 
intra-amniotic LPS injection
After LPS exposure the levels of TGFβ2 slightly decreased at 2 days, a result which did not 
reach statistical significance (p=0.054 for total TGFβ2) (Table 1). This was accompanied 
by a significant increase by 76% in alveolar TGFβR2. The focal expression of elastin on 
secondary septa also decreased (Table 1).

Table 1: Effect of single LPS exposures on TGFβ pathway components and elastin deposition

Control 2d LPS 7d LPS
TGFβ protein levels
TGFβ1 free 1.00±0.32 0.70±0.09 1.30±0.26

total 1.00±0.06 0.95±0.02 1.31±0.05*
TGFβ2 free 1.00±0.14 0.62±0.05 1.42±0.24

total 1.00±0.06 0.56±0.05 1.10±0.23
TGFβ signaling components
TGFBR1 1.00±0.24 0.98±0.22 0.91±0.21
TGFBR2 1.00±0.16 1.76±0.08* 0.72±0.27
pSmad2 1.00±0.27 1.53±0.42 1.89±0.41
Elastin foci/mm2 1.00±0.07 0.65±0.08* 0.89±0.05

All values are presented as mean fold change compared to control. Data expressed as mean ± SEM. 
LPS-lipopolysaccharide; d-day; TGFβ-transforming growth factor β. * p<0.05 versus controls using 
a one-way ANOVA with Dunnett’s post hoc test.

7 days after LPS exposure there were increases in free and total TGFβ1 and 2 levels, which 
was statistically significant for total TGFβ1 only. In contrast, the alveolar expression of 
both TGFβ receptors, pSmad2 and elastin foci were similar to controls. No measurable 
levels of TGFβ3 could be detected by ELISA in protein extracts of the lungs of any lambs 
(data not shown).



 Polymicrobial exposures attenuated TGFβ

105

Repeated LPS exposure at 2 & 7 days normalizes TGFβ expression but 
increases TGFβ signaling
Free and total TGFβ1 (Figure 1A-B) and free TGFβ2 levels (Figure 2A) in the lungs of 
fetal lambs exposed to LPS twice, at 2 and 7 days before sacrifice, were similar to those 
in controls. Total TGFβ2 levels however were decreased, similar to a single 2 day LPS 
exposure, reaching a p-value of 0.06 (Figure 2B). Although the expression of both TGFβ 
receptors was similar to controls (Figure 3A-B), pSmad2 intensity nearly doubled at a 
p-value of 0.07 (Figure 4A). Focal elastin deposition was diminished after double LPS 
exposure (Figure 5A), as seen after single LPS exposures.

Figure 1: Expression and activation of Transforming Growth Factor (TGF)β1. 
Repeated LPS exposure 2 and 7 days before birth (A + B) did not influence free or total TGFβ1 
levels. Exposure to U. parvum at 7 days combined with LPS exposure at 2 days before birth did 
not alter free TGFβ1 levels (C), but decreased levels of total TGFβ1 (p=0.07) (D). * p<0.05 versus 
controls using a Mann-Whitney test. UP: U. parvum

Fetal colonization with U. parvum did not consistently affect expression of 
TGFβ pathway members
3 days after IA U. parvum injection, levels of both free and total TGFβ1 and 2 remained 
unaffected, with no sign of pathway activity as indicated by the presence of pSmad2 
(Table 2). Contrasting with a single LPS injection after a similar exposure time, there was 
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Figure 2: Expression and activation of Transforming Growth Factor (TGF)β2. 
Repeated LPS exposure 2 and 7 days before birth did not influence free TGFβ levels (A), but 
decreased total TGFβ levels (p=0.06) (B). Likewise, exposure to U. parvum at 7 days combined with 
LPS exposure at 2 days before birth decreased total TGFβ2 content 2-fold without affecting free 
TGFβ2 content (C + D). * p<0.05 versus controls using a Mann-Whitney test. UP: U. parvum

Table 2: Effect of single U. parvum exposures on TGFβ pathway components and elastin deposi-
tion

Control 3d UP 7d UP
TGFβ protein levels
TGFβ1 free 1.00±0.18 1.48±0.24 1.75±0.36

total 1.00±0.07 1.04±0.09 0.80±0.06
TGFβ2 free 1.00±0.08 1.14±0.27 0.87±0.15

total 1.00±0.08 0.88±0.11 0.74±0.07
TGFβ signaling components
TGFBR1 1.00±0.24 1.25±0.25 1.00±0.32
TGFBR2 1.00±0.13 0.26±0.06* 1.14±0.19
pSmad2 1.00±0.18 0.90±0.23 1.35±0.37
Elastin foci/mm2 1.00±0.05 1.32±0.12* 0.85±0.11

All values are presented as mean fold change compared to control. Data expressed as mean ± SEM. 
UP-U. parvum; d-day; TGFβ-transforming growth factor β. * p<0.05 versus controls using a one-
way ANOVA with Dunnett’s post hoc test.
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a decline of TGFβR2 by 74%, whereas TGFβR1 remained at control levels. Interestingly, 
focal elastin deposition was increased after 3 days.

After an incubation of 7 days, none of the tested pathway members differed significantly 
from levels in the lungs of media exposed lambs. 

Figure 3: Expression of Transforming Growth Factor β Receptor (TGFBR)1 and 2. 
Repeated LPS exposure 2 and 7 days before birth (A + B) or exposure to ureaplasma at 7 days 
combined with LPS exposure at 2 days before birth (C + D) did not influence either TGFBR1 or 
TGFBR2 levels. * p<0.05 versus controls using a Mann-Whitney test. 

Simultaneous exposure to LPS and U. parvum lowered expression of TGFβ 
pathway components
Levels of free TGFβ1 (Figure 1C) and TGFβ2 (Figure 2C) were unchanged compared to 
controls after sequential exposure to U. parvum and LPS, despite a marked decrease in 
levels of total TGFβ1 (Figure 1D, p=0.07) and TGFβ2 (Figure 2D, p=0.006). Downstream 
of TGFβ, expression of TGFβR1 and 2 (Figure 3C-D) and levels of pSmad2 (Figure 4B) 
were similar to controls. Likewise, the density of elastin foci on secondary septa was 
comparable to controls.
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Discussion
By the time infants are diagnosed with BPD at 28 days or at 36 weeks gestational age 
[2], their lungs have been exposed to a variety of potentially damaging situations 
[10]. Epidemiological studies suggest however that infants exposed to intra-uterine 
inflammation are more likely to develop BPD, but do not provide information as to 
why their lungs are more prone to this condition [38]. In the bronchoalveolar lavage 
of newborn preterm babies increased TGFβ1-levels were identified as a marker for the 
development of BPD [27]. Whether chorioamnionitis caused this increase in TGFβ1-levels 
associated with BPD remains unclear, as clinical findings on this matter are inconsistent 
[26, 39, 40]. Because a variety of bacteria can induce chorioamnionitis, the nature of the 
intra-uterine inflammation may vary. We therefore injected LPS, ureaplasmas or both 
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Figure 4: Phosphorylation of mothers against 
decapentaplegic homolog 2 (pSmad2). 
Activation of TGFβ signaling by phosphorylation 
of Smad2 was elevated in fetal lungs exposed 
to LPS repetitively (p=0.07) (A). pSmad2 levels 
did not alter in the lungs of fetal lambs exposed 
to U. parvum followed by LPS injections (B). * 
p<0.05 versus controls using a Mann-Whitney 
test. UP: U. parvum

Figure 5: Elastin foci. 
The number of elastin foci on secondary septa 
was decreased in the lungs of fetuses that were 
exposed to LPS 2 and 7 days before birth (A). 
Interestingly, the lungs of lambs that underwent 
a 7 day ureaplasma exposure followed by a 2 
day LPS exposure showed similar numbers of 
elastin foci compared to controls (B). * p<0.05 
versus controls using a Mann-Whitney test. UP: 
U. parvum
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to determine their effects on the TGFβ expression profile in the fetal ovine lung. There 
were very different outcomes for TGFβ signaling after LPS exposure when compared to 
ureaplasmas. Ureaplasma exposure, which caused a modest inflammatory response in 
fetal sheep lungs [12], hardly changed expression levels of TGFβ pathway components. 
Only the expression of TGFβ receptor 2 decreased. In contrast, the balance between 
TGFβ1 and 2 did change after LPS exposure, a stimulus which caused induction of the 
immune system [16]. Remarkably, these effects were not apparent in lungs that were 
exposed to LPS twice. The same was seen in lungs in which a polymicrobial infection was 
simulated by sequential exposures to ureaplasmas and LPS. In the lungs of fetal lambs 
which had undergone ureaplasma exposure 5 days before the LPS exposure, there was 
no decrease of elastin foci. 

The clinical implication of this finding remains to be shown. A recent paper analyzing a 
large clinical cohort suggested a decreased risk for late-onset sepsis in babies that had 
been exposed to chorioamnionitis [41]. Similarly, preterm neonates exposed in utero 
to chorioamnionitis [38] and/or Ureaplasma spp. [42] had lower rates of chronic lung 
disease and sepsis respectively. It is unclear by which mechanisms this protection is 
mediated but the responsiveness of immune cells may play a role as suggested in our 
experimental work. For example, a preterm lung is deficient in alveolar macrophages 
since alveolar macrophages differentiate late in gestation from blood-derived monocytes 
which become residential in the fetal lung [43, 44]. We showed that fetal lung exposure 
to chorioamnionitis matured monocytes to alveolar macrophages that had functional 
properties of adult alveolar macrophages [45]. The role and function of this cell 
population remains to be determined. “Mature” alveolar macrophages can provide 
a better protection against infectious agents but also can initiate an inflammatory 
response after mechanical ventilation by activating for example TGFβ [28, 46-48]. The 
outcome reported here is highly reminiscent of the immune tolerance seen in fetal lung 
and blood monocytes after repeated LPS exposure, in which subsequent exposure to 
different bacterial agents failed to elicit a second inflammatory response [22, 49]. It is 
therefore possible that the lack of involvement of TGFβ pathway components is a direct 
result of such an effect on the immune system by the repeated exposures. 

TGFβ is implicated in the pathogenesis of BPD, but these data underline the multifactorial 
character of this process. Intra-uterine inflammation by itself may not lead to the high 
levels of TGFβ as seen in BPD, but it could very well prime the fetal lung for future 
responses. It should therefore be taken into account that clinical data are based on 
samples obtained from ventilated infants. A frequent second hit like mechanical 
ventilation could trigger an exaggerated TGFβ response leading to BPD [50]. In a previous 
study this scenario caused a very high TGFβ expression in the lung tissue of lambs, with 
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the same LPS exposure as reported here, and who were briefly ventilated after preterm 
birth [36]. An additional factor that might influence the extent of TGFβ induction in fetal 
lungs before birth is the duration of bacterial exposure. We only evaluated the effects of 
short term exposure in lung tissue. The bronchoalveolar lavage fluid of preterm lambs 
exposed to ureaplasmas for 70 days, with or without additional acute LPS exposure, 
contained over 10-fold higher total TGFβ1 levels [17]. This suggests that a long term 
colonization with Ureaplasma spp. of the intra-amniotic pulmonary environment could 
well cause the elevated TGFβ levels at birth in children that go on to develop BPD [51]. 
Whether other gram negative or positive bacteria associated with chorioamnionitis would 
elicit a similar increase in TGFβ expression remains to be elucidated. Future research will 
have to focus on the responsiveness of the fetal immune system after multiple hits like 
chorioamnionitis and ventilation induced injury, and how these contribute to the lung 
developmental delay seen in BPD.

In conclusion, this study shows that TGFβ signaling components and elastin deposition 
in the fetal lung were affected differently by single intra-uterine exposure to LPS or 
ureaplasmas. More importantly, these responses were strongly attenuated or not seen 
at all after sequential exposure to LPS and ureaplasmas. This outcome may be the result 
of a fetal immune tolerance after multiple bacterial exposures.
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Abstract
Rationale Chorioamnionitis and antenatal corticosteroids mature the fetal lung 
functionally but disrupt late gestation lung development. Because Wingless-Int (Wnt) 
and Sonic Hedgehog (Shh) signaling are major pathways directing lung development, 
we hypothesized that chorioamnionitis and antenatal corticosteroids modulated these 
pathways resulting in an altered fetal lung structure. 

Methods Time-mated ewes with singleton ovine fetuses received an intra-amniotic 
injection of lipopolysaccharide (LPS) and/or maternal intra-muscular betamethasone 7 
and/or 14 days before delivery at 120 days gestational age (GA) (term=150 days GA). 

Results LPS-induced chorioamnionitis modulated both Wnt and Shh signaling. Wnt1, 
Wnt4 and Wnt5a mRNA levels and β-catenin protein expression decreased 7 days after 
LPS exposure whereas Wnt7b mRNA levels increased 4-fold 14 days after LPS exposure. 
Shh mRNA levels and Gli1 protein expression decreased both 7 and 14 days after LPS 
exposure which was counteracted by betamethasone. mRNA and protein levels of 
fibroblast growth factor 10 and bone morphogenetic protein 4, which are important 
mediators of lung development, increased 2-fold and 3.5-fold respectively, 14 days 
after LPS exposure. Changes in Wnt and Shh signaling were accompanied by structural 
changes including fewer elastin foci, decreased α-smooth muscle actin and collagen type 
I expression in the alveolar septa. 

Conclusion Fetal lung exposure to LPS was accompanied by changes in key modulators 
of lung development resulting in abnormal lung structure. Betamethasone treatment 
partially prevented the changes in developmental processes and lung structure. This 
study provides new insights into clinically relevant prenatal exposures and fetal lung 
development.

Introduction
Bronchopulmonary dysplasia (BPD), a disease of impaired lung development, is the 
most common adverse lung outcome of preterm birth [1, 2]. BPD is associated with fetal 
lung inflammation which can be initiated by chorioamnionitis, an intra-uterine bacterial 
infection of the placental membranes and amniotic fluid that is often clinically silent 
[3]. Chorioamnionitis can induce a potentially harmful inflammatory response in the 
immature fetal lungs which disrupts lung septation and vascular development leading to 
a decreased lung surface area [4]. 

Antenatal corticosteroids are given to mothers at risk of imminent preterm birth to induce 
lung maturation in the fetus which increases neonatal survival, but do not decrease BPD 
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[5, 6]. Because the incidence of chorioamnionitis is about 60% for very preterm babies, the 
administration of maternal antenatal corticosteroids in the presence of chorioamnionitis 
is common and standard of care [7]. Although antenatal corticosteroids cause functional 
lung maturation, they also can inhibit lung development [8]. As a result, a large number 
of premature infants are exposed in utero to both pro- and anti-inflammatory stimuli 
which each alter normal fetal lung development and  might predispose the infants to 
the development of BPD [9]. The molecular mechanisms by which chorioamnionitis 
and antenatal corticosteroids influence these lung developmental processes are largely 
unknown. 

The Wnt signaling cascade is a key regulator of cell proliferation, polarity and differentiation 
and is essential for lung morphogenesis [10]. During early lung development, the Wnt 
pathway regulates branching and epithelial-mesenchymal interactions [11]. The canonical 
Wnt members, Wnt1, Wnt4 and Wnt7b, play pivotal roles in lung development, disease 
and remodeling [12-14]. Deletion of Wnt7b during embryonic lung development in mice 
resulted in hypoplastic lungs from defects in mesenchymal proliferation, and severe 
smooth muscle hypertrophy around the arteries [15]. Although the role of non-canonical 
Wnt signaling in the developing lung is less clear, several studies showed that altered 
Wnt5a expression interferes with normal pulmonary and vascular development [16, 17]. 
Additionally, Wnt signaling modulates remodeling and repair in lung inflammation and 
fibrosis [13, 18]. 

Sonic Hedgehog (Shh) signaling is equally important in lung development as Shh-null mice 
have hypoplastic lungs and die due to respiratory failure [19]. During lung development, 
Shh expression is localized to the epithelium and activates Gli transcriptional activators 
Gli1, Gli2 and Gli3 [20]. The Shh pathway regulates the expression of lung growth factors 
such as fibroblast growth factor 10 (FGF10) and bone morphogenetic protein 4 (BMP4) 
which both mediate branching and myofibroblast differentiation [21]. 

We hypothesized that chorioamnionitis and/or antenatal corticosteroids modulate 
Wnt and Shh signaling to alter fetal lung structural development. We evaluated these 
signaling pathways after LPS-induced chorioamnionitis in a 120d gestational age (GA) 
preterm lamb model during a stage of early alveolar septation. Fetal sheep were exposed 
in utero to intra-amniotic lipopolysaccharide (LPS) from gram negative bacteria and/or 
antenatal betamethasone, a corticosteroid used clinically to induce lung maturation [22, 
23].  We correlated Wnt and Shh signaling components with markers for lung damage 
(heat shock protein (HSP)70, cell proliferation (Ki67) and changes in the lung structural 
proteins elastin, alpha- smooth muscle actin (α-SMA) and collagen, which are crucial for 
alveolar septation [24-27]. 
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Materials and methods

Animal model and sampling protocol 
All studies were approved by the Animal Ethics Committees at The University of Western 
Australia and Cincinnati Children’s Hospital Medical Center (animal ethics protocol 
RA/3/100/830). The experimental design of this study was published previously [28]. 
Time-mated ewes with singleton fetuses were randomly assigned to one of six treatment 
groups to receive an intra-amniotic (IA) injection of lipopolysaccharide (LPS) (10 mg 
Escherichia Coli 055:B5, Sigma Chemical, St. Louis, MO, USA) and/or an intra-muscular 
injection of betamethasone (Beta) (Celestone Soluspan, Schering-Plough, North Ryde, 
New South Wales (NSW), Australia, 0.5 mg/kg maternal weight) and/or an equivalent 
injection of saline for control animals at 107 days and/or 114 days GA. All ewes in this 
study received a single intra-muscular injection of 150 mg medroxyprogesterone acetate 
(Depo-Provera, Kenral, NSW, Australia) at 100 days GA to prevent preterm birth induced 
by betamethasone treatment. Lambs were surgically delivered at 120 days GA (term = 
150 days GA) and euthanized after birth. Lung tissue from the right lower lobe (RLL) was 
snap frozen and the right upper lobe (RUL) was inflation-fixed in 10% buffered formalin 
for 24 hours. 

RNA extraction and real-time PCR
Total RNA was extracted from frozen lung tissue of the RLL using the SV Total RNA 
Isolation system (Z3100, Promega, Madison, USA) according to the manufacturer’s 
instructions. Genomic DNA contamination was removed by treatment with RQ1 DNase 
(M610A, Promega) and the RNA was tested for the presence of genomic GAPDH. 
Briefly, PCR amplification for the detection of genomic DNA was performed with DNA 
Taq Polymerase (M124B, Promega) at 95°C for 5 minutes followed by 40 cycles at 95°C 
for 30 seconds, 55°C for 45 seconds and 72°C for 30 seconds. Total RNA was used as a 
template. PCR products were analyzed on a 1.5% agarose gel. Total RNA was reverse 
transcribed with the First Strand cDNA synthesis kit (4379012001, Roche-Applied, 
Mannheim, Germany) according to manufacturer’s instructions using anchored oligo-
primers.  Primers for real-time PCR (RT-PCR) were constructed based on published ovine 
or bovine cDNA sequences (Table 1). Dilution experiments were performed to ensure 
similar PCR amplification efficiency of the primers. RT-PCR reactions were performed 
in duplicate with the LightCycler 480 SYBR Green I Master mix (4707516001, Roche-
Applied) on a LightCycler 480 Instrument according to the manufacturer’s instructions. 
RT-PCR results were normalized to cyclophilin A, a housekeeping gene, and mean fold 
changes in mRNA expression were calculated by the ΔΔCt-method [29].
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Table 1: Primers used for RT-PCR

Gene Sequence (5’-3’) Amplicon 
size

Tm Accession code 
(RefSeq)

Wnt1 Fw: ATTTATCTTCGCCATCACCTC 123bp 64°C NM_001114191.1
Rv: ATTCGATGGAGCCCTCTG

Wnt4 Fw: GCTGGGCTCCAAGTACACC 241bp 60°C NM_001170828.1
Rv: GGCTATCCTGACACACATGC

Wnt5a Fw: AGCTAATTCTTGGTGGTCGCTAGG 124bp 66°C NM_001205971.1
Rv: CAAGTGGCAGAGTTTCTTCTGTCC

Wnt7b Fw: TGCACTCCAGCTTCATGCGC 60bp 58°C XM_603482.5
Rv: ACCTGCACAACAACGAGGCG

Axin2 Fw: 
CTCAGCAAAAAGGGAAATTACAGGTAT

97bp 60°C NM_004655.3

Rv: ACTGTCTCGTCGTCCCAGATCTC
Shh Fw: ACTGGAGCGGACCGGCTGAT 82bp 68°C XM_614193.3

Rv: CCGGCCACTGGCTCATCAC
Gli1 Fw: AATCTGAAGACGCACCTG 137bp 60°C NM_001099000.1

Rv: GTAGGGCTTCTCATTGGA
Gli2 Fw: CCTGGAGAACCTGAAGAC 147bp 60°C NM_001192250.1

Rv: GATGTAGGGTTTCTCGTTGG
Gli3 Fw: AGAAGCCTCACAAATGCAC 197bp 60°C XM_002686896.1

Rv: ACACATATGGTTTCTCGTTGG
FGF10 Fw: TGCCCGTACAGTATCCTG 220bp 60°C NM_001009230.1

Rv: GCCACATACATTTGCCTC
BMP4 Fw: ACCACGAAGAACATCTGGAG 173bp 61°C NM_001110277.1

Rv: TTATACGATGAAAGCCCTGC
Cyclo
philinA

Fw: 
TTATAAAGGTTCCTGCTTTCACAGAA

93bp 60°C NM_178320.2

Rv: ATGGACTTGCCACCAGTACCA

Protein extraction and enzyme-linked immunosorbent assay (ELISA) of HSP70 
Frozen RLL lung tissue was homogenized (PRO Quick Connect Generators part no. 02-
07095; PRO Scientific Inc., Oxford, CT)  in ice-cold RIPA buffer (R0278, Sigma Aldrich) 
containing 0.1% protease inhibitors (p9599, Sigma Aldrich) and subsequently centrifuged 
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at 12x RCF for 5 minutes at 4°C [30]. HSP70 was measured with an R&D DuoSet ELISA 
development kit (human/mouse/rat total HSP70: DYC1663, R&D Systems, Minneapolis, 
MN, USA) according to manufacturer’s instructions. HSP70 protein concentrations were 
calculated per kilogram bodyweight.

Western blot
Protein concentrations, of lung extracts as obtained above, were determined with the 
Micro BCA Protein assay kit (#23235, Thermo Fisher Scientific Inc., Rockford, IL USA), 
according to manufacturer’s instructions with BSA as the standard. To confirm equal 
protein loading, immunoblotting was performed with a β-actin antibody (A5441, Sigma 
Aldrich). Proteins were denatured by heating at 100°C for 5 minutes in SDS sample 
buffer (5x reduced: 1g glycerol, 1g SDS, 2.13 mL 0.5M Tris-HCl pH 6.8 + 0.4 % SDS, small 
amount of bromophenol blue, 385 mg dithiothreitol + 2.56 mL MilliQ), separated on 
15% SDS-polyacrylamide gels and transferred to Protran BA83 nitrocellulose membranes 
(10402495, Whatman GmbH, Dassel, Germany). After blocking with a 1:1 mixture of TBS 
(Tris/HCl 2.5mM, pH 7.5) and ODYSSEY infrared Imaging System Blocking buffer (927-
40000, LI-COR, Lincoln, NE), the membranes were incubated with the primary antibodies 
overnight at 4°C. The following dilutions were used: 1:1000 for monoclonal rabbit-anti 
β-catenin (9582S, Cell Signaling Technology, Danvers MA) and 1:1000 for monoclonal 
mouse anti-β-actin (A5441, Sigma Aldrich). As secondary antibodies, IRDye800-goat 
anti-rabbit and IRDye680 goat anti-mouse were used in a dilution of 1:6000 (LI-COR). 
Protein bands were analyzed using a LI-COR Odyssey Infrared Imaging System. 

Immunohistochemistry 
Paraffin embedded RUL lung sections (4 µm, transverse) were stained for Ki67 
(M7240, DAKO, Denmark), c-myc (sc-40, Santa Cruz Biotechnology), Gli1 (ab49314, 
Abcam, Cambridge, UK), bone morphogenetic protein 4 (BMP4) (sc-6896, Santa Cruz 
Biotechnology) and alpha smooth muscle actin (α-SMA) (A5228, Sigma-Aldrich). Briefly, 
the sections were deparaffinized in an ethanol series and endogenous peroxidase-
activity was blocked by incubation with 0.5% H2O2 in 1x phosphate buffered saline (PBS, 
pH 7.4). Antigen retrieval was performed by incubating the sections in heated citrate 
buffer (10 mM, pH 6.0) for 30 minutes. In order to block aspecific binding, the slides 
were incubated with 20% normal goat serum (NGS) in PBS (this step was omitted for 
α-SMA). Sections were incubated overnight at 4°C with the diluted primary antibody 
(Ki67 1:50, c-myc: 1:50, Gli1 1:500, BMP4 1:500, α-SMA 1:1000). After incubation with 
the appropriate secondary antibody, immunostaining was enhanced with Vectastain 
ABC peroxidase Elite kit (PK-6200, Vector Laboratories, Burlingame, USA) and stained 
with nickel sulfate-diaminobenzidine (NiDAB). Subsequently, the sections were rinsed in 
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Tris/saline and incubated with Tris/cobalt. After counterstaining with 0.1% Nuclear Fast 
Red, the sections were washed, dehydrated and coverslipped. All slides were stained at 
the same time under the same conditions.

Evaluation was performed by light microscopy (Axioskop 40, Zeiss, Germany) with 
LeicaQWin Pro v.3.4.0 software (Leica Microsystems, Germany). Alveolar Ki67 and Gli1 
staining was scored by blinded observers with a semi-quantitative scoring system: 1, 
little staining; 2, some staining; and 3, heavy staining. BMP4 and c-myc staining was 
semi-quantitatively scored in three representative bronchioli using Image J software 
(Rasband, W.S., Image J US National Institutes of Health, Bethesda, Maryland, USA) 
and represented as a percentage of the entire bronchiole surface area. The intensity 
of α-SMA staining in bronchioli and bronchi was quantified using Image J software and 
represented as a percentage of entire bronchiole or bronchus surface area staining [4]. 
The number of α-SMA concentrated foci was counted in the alveoli by a blinded observer 
using Image J software.

Elastin and collagen staining 
Elastin and collagen stainings were performed on paraffin sections of the RUL of the 
lung (4 µm, transverse). For the visualization of elastin, the sections were deparaffinized 
in an ethanol series and incubated in Weigerts Resorcine-Fuchsine (2E 030, Chroma, 
Münster, Germany) at 60-70°C for 20 minutes. After rinsing with water, the sections 
were incubated for 3 minutes in a tartrazine solution at room temperature. Subsequently 
the sections were washed and dehydrated [4].  For the detection of collagen fibers, the 
sections were deparaffinized and incubated in Sirius Red solution for 60 minutes in the 
dark. After rinsing with 0.01 M HCl for 3 minutes, the sections were washed, dehydrated 
and coverslipped. Evaluation was performed by light microscopy (Zeiss, Axioskop 40) 
with LeicaQWin Pro v.3.4.0 software. Elastin and collagen foci were measured in three 
representative sections across septa at 200x magnification by a blinded observer using 
Image J software.

Data Analysis 
Results are given as means ± standard error of mean (SEM). The groups were compared 
using one-way ANOVA with Dunnett’s or Tukey’s test for post-hoc analysis as appropriate. 
Statistical analysis was performed by GraphPad Prism v5.0. Significance was accepted at 
p<0.05.
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Results

Lung damage and cell proliferation
Characteristics of the animals and the pulmonary inflammatory and maturation response 
to LPS-induced chorioamnionitis and/or antenatal corticosteroids were reported 
previously [28]. Lung injury due to the exposure to LPS was assessed by measurement 
of heat shock protein 70 (HSP70) in the lung tissue. HSP70 protein expression was not 
increased in any of the experimental groups compared to control (Figure 1A). To assess 
cell proliferation, lung tissue was stained for Ki67, a marker of mitotic cells. There were 
increased proliferating cells 7 and 14 days after the exposure to LPS (Figure 1B). 

Figure 1: Lung injury and cell proliferation. 
A: Protein levels of Heat Shock Protein (HSP)70 did not change in homogenates of LPS and/or 
betamethasone (Beta) exposed fetal lungs. B: The number of Ki67-positive cells in the alveoli 
increased after LPS exposure. Pre- and particularly post-treatment with Beta partially prevented 
this increase. BW – bodyweight. * p<0.05 versus controls using a one-way ANOVA with Tukey’s 
post hoc test.

Pathways regulating lung development 
We measured lung mRNA levels of Wnt1, Wnt4, Wnt5a and Wnt7b to evaluate if exposure 
to LPS and/or betamethasone affected Wnt signaling. Wnt1 levels decreased 90% 7 
days after the LPS exposure compared to controls (Figure 2A). Wnt4 mRNA expression 
was decreased in all groups that received LPS independently of the betamethasone 
treatment (Figure 2B). Wnt5a mRNA decreased 50% in all experimental groups except 
for the animals that received betamethasone 7 days before the exposure to LPS (Figure 
2C). In this group, there was a 40% increase in Wnt5a mRNA levels compared to controls. 
Wnt7b levels were increased 4-fold after LPS exposure compared to controls (Figure 2D). 
Treatment with betamethasone 7 days after the LPS exposure prevented this increase. 
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Figure 2: Changes in the Wingless-Int (Wnt) pathway. 
A: Expression of Wnt1 decreased 9-fold 7 days after LPS exposure compared to controls. Antenatal 
exposure to Beta prior to 7 day LPS exposure could attenuate this decrease. B: Expression of Wnt4 
decreased 7 and 14 days after LPS exposure compared to controls. This drop in Wnt4 expression 
after LPS exposure was not affected by treatment with Beta. C: Wnt5a mRNA levels decreased to 
50% in all experimental groups except in the group that received betamethasone 7 days before 
the LPS exposure. This group showed a 40% increase in Wnt5a mRNA compared to controls.D: 
Expression of Wnt7b increased nearly 4-fold 14 days after LPS exposure compared to controls. This 
increase was prevented if betametasone (Beta) was administered 7 days after LPS exposure. E: 
mRNA levels of Axin2 increased 14 days after LPS exposure. Post-treatment with Beta lowered, but 
did not completely prevent an increase in Axin2 expression. F: β-catenin protein levels decreased 
by two-thirds in fetal lungs exposed to LPS for 7 days. Pre-treatment of fetal lambs with Beta could 
partially prevent this decrease G: C-myc expression increased in lungs 14 days after LPS exposure. 
C-myc expression returned to control levels in lambs that received post-treatment with Beta. * 
p<0.05 versus controls and § p<0.05 between experimental groups using a one-way ANOVA with 
Tukey’s post hoc test.

However, in this group there was still a trend towards increased Wnt7b expression.  
Expression of Axin2 mRNA, which is regulated by Wnt7b [31], had a pattern similar to 
Wnt7b mRNA expression (Figure 2E). β-catenin protein expression, which is the major 
downstream effector of the canonical Wnt pathway, decreased 7 days after the exposure 
to LPS similar to Wnt1 and Wnt4 (Figure 2F). C-myc expression, which is regulated by 
Wnt7b [32, 33], increased 14 days after LPS exposure in the bronchioles (Figure 2G). 

The Shh pathway interacts with Wnt signaling during lung development [34]. Because 
the Wnt pathway was affected by LPS exposure, Shh mRNA expression was measured in 
the lungs. Shh mRNA levels decreased to less than 25% of control value after 7 and 14 
days of LPS exposure (Figure 3E). Betamethasone pre- or post-treatment prevented the 
decrease in Shh mRNA. In addition, we analyzed the expression of Gli1 and Gli2, which 
are components of the Shh pathway. Gli1 mRNA expression had a similar decreased 
expression at 7 and 14 days following LPS exposure (Figure 3F). Gli1 protein expression 
was mainly detected in the bronchiolar and alveolar epithelium in controls (Figure 3A). 
Exposure to LPS for 7 or 14 days selectively decreased Gli1 protein expression in the 
alveolar epithelium (Figure 3B). Betamethasone pre- or post-treatment again prevented 
this decline (Figure 3G). Representative images are shown for controls (Figure 3A), 14 
day LPS exposed lungs (Figure 3B), 7 day betamethasone exposed lungs (Figure 3C) and 
14 day LPS and 7 day betamethasone exposed lungs (Figure 3D).  Gli2 mRNA expression 
had similar trends towards declines after LPS exposure (Figure 3H).

Levels of FGF10 and BMP4, two important Wnt and Shh regulated mediators of lung 
development, were also assessed. Both FGF10 and BMP4 mRNA increased 14 days 
after LPS exposure, by 2-fold and 3.5 fold respectively (Figure 4A and 4B). Exposure to 
betamethasone after LPS exposure lowered FGF10 and BMP4 mRNA. BMP4 protein
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Figure 3: Inhibition of the Sonic Hedgehog (Shh) pathway. 
Gli1 expression in alveolar and bronchial tissue as seen in controls (A), 14 days after LPS exposure 
(B), 7 days after betamethasone (Beta) treatment (C) and after a combination of 14 days LPS 
followed by post-treatment with Beta (D). E: Expression of Shh was decreased after 7 and 14 days 
LPS exposure. Both pre- and post-treatment with betamethasone (Beta) normalized Shh mRNA 
levels compared to controls. F: Gli1 mRNA levels were decreased in LPS exposed lungs. Both pre- 
and post-treatment with Beta normalized Gli1 mRNA levels compared to controls. G: Gli1 protein 
expression as scored in the alveoli in lung sections decreased after 7 and 14 day LPS exposure. Pre- 
or post-treatment could partially attenuate this decrease.H: Levels of Gli2 mRNA in experimental 
groups did not differ significantly from controls. * p<0.05 versus controls and § p<0.05 between 
experimental groups using a one-way ANOVA with Tukey’s post hoc test.

expression was mainly localized in the 
bronchial epithelial cells, which corresponds 
with recent data obtained in adult lung 
tissue [35, 36]. Immunohistochemical 
analysis of BMP4 expression in bronchioli 
revealed that BMP4 was decreased 7 days 
after LPS exposure, and showed a trend 
towards increased expression at 14 days 
after LPS exposure (Figure 4C). Treatment 
with betamethasone before LPS exposure 
prevented the decrease in BMP4 levels seen 
after 7 day LPS exposure only. Treatment with 
betamethasone 7 days after the LPS exposure 
decreased BMP4 levels. 

Figure 4: Expression of Fibroblast Growth Factor 
(FGF)10 and Bone Morphogenetic Protein 
(BMP)4. 
A: mRNA levels of FGF10 were increased two-fold 
14 days after LPS exposure. Post-treatment with 
betamethasone (Beta) normalized FGF10 levels 
compared to controls. B: mRNA levels of BMP4 
were increased 3.5-fold 14 days after LPS exposure. 
Post-treatment with Beta normalized BMP4 levels 
compared to controls. C: Immunohistochemical 
analysis of BMP4 expression in bronchioli decreased 
after 7 days of LPS exposure, but a recovery of 
BMP4 14 days after LPS exposure. Pre-treatment 
with Beta before LPS exposure prevented a drop in 
BMP4 levels. * p<0.05 versus controls and § p<0.05 
between experimental groups using a one-way 
ANOVA with Tukey’s post hoc test.
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Expression of lung structural proteins
Elastin foci were measured in lung sections as an assessment of secondary septation. 
Representative images are shown for controls (Figure 5A) and 14 day LPS and 7 day 
betamethasone exposed lungs (Figure 5B). The number of elastin foci was decreased 
in the lungs of LPS exposed groups lambs (Figure 5C). Pre-treatment, but not post-
treatment, with betamethasone minimized the decrease in elastin foci. Collagen I 
deposition was similar to elastin deposition. Representative images are shown for 
controls (Figure 5D) and 14 day LPS and 7 day betamethasone exposed lungs (Figure 
5E). 14 day LPS exposure combined with betamethasone post-treatment after 7 days 
decreased the number of collagen I foci. There was a trend towards decreased collagen 
foci in lungs exposed to LPS. 

Figure 5: Altered expression of structural components of the lung. 
Elastin deposition in the alveoli of control (A) and 14d LPS + 7d betamethasone (Beta) (B) lambs. 
C: The number of elastin foci was decreased in LPS exposed lambs. Pre-treatment, but not post-
treatment, with Beta could prevent a significant decrease in elastin foci. Collagen I deposition in 
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the alveoli of control (D) and 14d LPS + 7d Beta (E) lambs. F: 14 day LPS exposure and 7 day Beta 
exposure decreased the number of collagen I foci. α- Smooth muscle actin (α-SMA) expression 
in the alveoli of control (G) and 14d LPS + 7d Beta (H) lambs. I: The number of α-SMA foci was 
decreased in LPS exposed lambs.. * p<0.05 versus controls and § p<0.05 between experimental 
groups using a one-way ANOVA with Dunnett’s post hoc test.

Additionally, lung sections were stained for α-SMA and the tips of alveolar septa with 
α-SMA were counted. Representative images are shown for controls (Figure 5G) and 
14 day LPS and 7 betamethasone exposed lungs (Figure 5H). Figure 5I shows a similar 
expression pattern for these α-SMA positive septa, or foci, as for elastin foci. The number 

Figure 6: Airway α-Smooth muscle actin (α-SMA) expression. 
α-SMA expression in the bronchioli of control (A) and 14d LPS (B) lambs. C: α-SMA expression 
increased around bronchioli 14 days after LPS exposure. Post-treatment with Beta could prevent 
this increase. Interestingly, pre-treatment with Beta before LPS exposure also increased α-SMA 
expression. 7d LPS exposure only did not change α-SMA expression. D: α-SMA expression around 
the bronchi remained unaffected by either LPS or Beta exposure. * p<0.05 versus controls and § 
p<0.05 between experimental groups using a one-way ANOVA with Tukey’s post hoc test.
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of α-SMA foci decreased with LPS exposure. Pre-treatment, but not post-treatment, 
with betamethasone prevented this decrease in α-SMA foci. The intensity of α-SMA 
expression also was measured in the bronchioli and bronchi. Representative images 
of the changes in the bronchioli are shown for controls (Figure 6A) and 14 day LPS 
exposed lungs (Figure 6B). α-SMA expression increased around bronchioli 14 days after 
LPS exposure (Figure 6C). Post-treatment with betamethasone prevented this increase. 
Interestingly, pre-treatment with betamethasone before LPS exposure also increased 
α-SMA expression. 7 days of exposure to LPS only did not change α-SMA expression. No 
changes in α-SMA expression around the bronchi were noticed in any of the treatment 
groups (Figure 6D). Further computerized morphometric analysis is reported elsewhere 
and did not show differences [28].

Discussion

LPS exposure leads to changes in both Wnt and Shh signaling in the fetal lung
In the context of developmental biology research, less is known about later fetal lung 
development than early organogenesis. Later lung development is, however, an area 
of human biology where clinical care interfaces with development since survival after 
very preterm birth at 60% of gestation is now frequent. We used an animal model with 
similarities to late gestation human lung development to test two very common clinical 
exposures, chorioamnionitis and antenatal steroids. We used 7 and 14 day intra-uterine 
periods of exposure based on our previous findings of a delay in alveolar development 
after 7 and 14 days of LPS-induced inflammation [8, 25]. Here we show that fetal lung 
exposure to LPS-induced inflammation [37] is accompanied by changes in the Wnt and 
Shh pathways, which are crucial for early lung development. In addition, we demonstrated 
that a maternal intra-muscular injection of betamethasone attenuated the effects of LPS 
on these developmental pathways. We therefore provide some molecular insights into 
the observational data from clinical practice that maternal corticosteroids are beneficial 
despite the inflammation of chorioamnionitis [38].

There is increasing evidence that the Wnt and Shh pathways are involved during 
aberrant lung development and disease [13, 39, 40]. We found a decrease in Wnt1, 
Wnt4 and Wnt5a mRNA levels and decreased β-catenin protein expression 7 days after 
LPS exposure. Several reports demonstrated that inhibition of Wnt signaling leads to 
impaired branching and defects in vascular development in the embryonic lung [15, 17, 
41, 42] suggesting that down regulation of the Wnt pathway may disrupt branching lung 
morphogenesis. Our study is one of the first to show aberrant Wnt signaling following 
intra-uterine lung inflammation in a late lung development model. 14 Days after the 



Chapter 7 

130

exposure to LPS, Wnt7b mRNA expression was up regulated. In addition, we found a 
2.5-fold increase in Axin2 mRNA and c-myc protein levels upon Wnt-activation. Because 
Wnt signaling is involved in the repair phases of several lung diseases [13, 43, 44], these 
relatively late effects are very likely to represent a compensation of the developing 
lung for the damage inflicted by LPS-induced chorioamnionitis [45]. Although we did 
not measure an increased expression of HSP70, an indicator of oxidant-stress mediated 
lung damage in this study, previous work from our group showed that LPS-induced 
chorioamnionitis causes fetal lung injury as early as 5h after the exposure [45]. Tissue 
remodeling was further characterized by increased proliferation and maturation of 
alveolar type II cells after the exposure to LPS [28, 45].

Recently, LPS was shown to down-regulate Shh in vitro in pulmonary microvascular 
endothelial cells [46]. In our study, LPS strongly down-regulated mRNA expression of 
Shh and its signaling components Gli1 and Gli2 in the ovine fetal lung. LPS exposure 
also selectively decreased Gli1 protein expression in the distal epithelial tips where Shh 
signaling in the lung is mainly localized [47]. Shh expression can be induced by retinoic 
acid [48], which is decreased in babies who develop BPD [49]. The down-regulation of Shh 
is in line with a previous study from our group, in which LPS-induced chorioamnionitis 
decreased retinoic acid in fetal sheep lungs [25]. Therefore, the LPS-induced decrease of 
retinoic acid may have decreased Shh mRNA.

These decreases in mRNA and protein expression of Shh signaling pathway components 
were accompanied by 2- to 3-fold increases in FGF10 and BMP4 expression 14 days after 
LPS exposure, following a slight decrease 7 days after LPS exposure. The initial decrease 
in FGF10 expression, which has also been measured in the lung tissue of infants with 
BPD [50], might be due to the activation of TLR2 and 4 by LPS, which can suppress 
FGF10 through binding of NF-κB to the FGF10 promotor [51]. As FGF10 induces BMP4 
expression in the developing lung [21], the inhibition of FGF10 may indirectly decrease 
BMP4 expression. The continuous suppression of Shh measured at 7 and 14 days after 
LPS exposure, which normally down-regulates FGF10 [52], may have caused FGF10 and 
BMP4 levels to rise. 

The changes in these pivotal developmental pathways were accompanied by changes 
in the deposition of structural proteins which are known to direct alveolar septation 
[24-27]. In a normally developing lung, focal expression of elastin and α-SMA identify 
sites for alveolar budding [53]. In the lungs of the LPS exposed lambs, the numbers of 
elastin, collagen and α-SMA foci on the alveolar septa were decreased, along with a 
more diffuse expression of these proteins along the alveolar walls. In addition, α-SMA 
deposition around bronchioli increased 14 days after LPS exposure, which could be a 
response to increased FGF10 and BMP4 expression [54, 55]. 
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Betamethasone and lung development
Antenatal corticosteroids are routinely administered to mothers who are at risk of 
preterm birth to mature the fetal organs [5]. A secondary benefit may be suppression 
of inflammation [5]. Antenatal steroids also reduce adverse neonatal outcome after 
preterm birth associated with chorioamnionitis [38], which constitute the majority 
of early gestational preterm births [5]. The effect of these combined pro- and anti-
inflammatory stimuli on pathways that are crucial for the developing lung are however 
unknown. In our study, we found that betamethasone administration before the LPS 
exposure partially attenuated the decrease in Wnt1 and Wnt5a mRNA levels and 
β-catenin protein expression thereby preventing down regulation of the Wnt pathway.  
Recently, we showed that betamethasone treatment before the LPS exposure suppressed 
fetal lung inflammation by an unknown priming or conditioning mechanism of the fetal 
immune system [28]. As such, little pulmonary damage was inflicted by the exposure 
to LPS explaining the modest changes in the developmental pathways we have studied 
here. Interestingly, betamethasone treatment alone selectively lowered Wnt5a mRNA 
levels in the fetal lung. These findings are in line with micro-array data showing down 
regulation of Wnt5a in fetal rat lung fibroblasts after dexamethasone treatment [56]. 
Betamethasone treatment after LPS exposure lowered Wnt7b and Axin2 mRNA levels 
and c-myc protein expression. Others have reported interactions that are consistent with 
these results. The interactions of the glucocorticoid receptor (GR) with PI3K result in a 
potent complex which not only leads to increased TNFα production, but also activates 
glycogen synthase kinase 3β (GSK3β) by decreasing the phosphorylation of Akt [57]. 
Activation of GSK3β increases β-catenin breakdown and thus inhibits the Wnt pathway. 
In addition, the GR can directly inhibit Wnt signaling by binding to the transcription 
factor (tcf)-β-catenin complex [58]. 

Very little is known about the effect of maternal corticosteroids on Shh, FGF10 and 
BMP4. Corticosteroids can to inhibit Shh-mediated neural development and as such can 
have a detrimental effect on the neonatal developing brain [59]. We found that maternal 
corticosteroids alone did not change the expression of these factors in comparison with 
controls. However, the effects of LPS on these factors were neutralized by maternal 
betamethasone, irrespective if betamethasone was given 7 days before or after LPS. At 
the lung structural level, only treatment with betamethasone before LPS exposure could 
mitigate the decrease of elastin, collagen and α-SMA foci. Betamethasone treatment 
after LPS exposure did attenuate an increase in α-SMA expression around bronchioli, 
where pre-treatment could not. 

In this study, we modeled common clinical exposure to provide new insights into the 
effects of exposures on fetal lung development [8, 60]. However, there are limitations, as 
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exposures at different time points, for different intervals and to a single dose or repeated 
doses of corticosteroids during fetal development may have different outcomes. The 
effects of pro- and anti-inflammatory stimuli on the developing lung are clearly complex. 
As we recognized the need for in-depth analysis of the signaling pathways in this 
model, we attempted to further characterize changes in the canonical Wnt pathway by 
evaluating Sox9 and c-myc protein expression by Western blot, and in non-canonical 
Wnt signaling. However, due to the low expression of c-myc and BMP4 and a lack of 
specific reagents for ovine tissue, we were not able to measure these components. It 
remains to be determined whether the observed changes are the result of direct or 
indirect effects of LPS and betamethasone with these developmental pathways.  Based 
on these results, intervention studies using inhibitors of the Wnt and Shh pathways (e.g. 
cyclopamine [61]) would be helpful. The developing lung is plastic in that it is continually 
changing over gestation. Because chorioamnionitis is often clinically silent, the duration 
of exposure of the lung to chorioamnionitis and the subsequent inflammatory response 
are unknown. It is generally unknown whether antenatal maternal corticosteroids are 
administered before or after the onset of chorioamnionitis [5]. This report provides 
some insights into the complicated interactions that can alter lung structure during the 
maturation phase of lung development. 
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Bacterial exposure and the fetal inflammatory response 
Contrary to popular belief, microbial invasion of the amniotic cavity is more likely the 
rule than the exception [1]. Microorganisms have been identified in tissues from fetuses 
throughout gestation, including those sampled from elective cesarean surgery at term 
[2]. In the majority of cases of preterm birth, however, an inflammatory response has 
been staged against these microorganisms by the fetus, which is diagnosed as histologic 
or clinical chorioamnionitis [2]. Analysis of the amniotic fluid of women presenting with 
PPROM led to the identification of a staggering 49 different bacterial species by PCR and 
culture [3]. Approximately 34% of the amniotic fluid samples harbored multiple bacterial 
species. An inflammatory response was seen in the majority of all preterm infants who 
were PCR and/or culture positive. This study illustrates how heterogeneous the intra-
uterine exposure to the fetus can be. But what determines if and how the developing 
fetal immune system responds to this exposure, particularly in the exposed developing 
lungs?

In this thesis, microbial invasion of the amniotic environment was mimicked by 
injecting either Escherichia coli LPS or living Ureaplasma parvum into the amniotic 
cavity of pregnant ewes (chapter 2 and 3 respectively). LPS is widely used in models of 
chorioamnionitis to elicit a fetal inflammatory response which is highly consistent and 
reproducible [4-9]. Although this allows detailed analysis of fetal immune responses to 
TLR4 activation (chapter 2) [10-16], it does not reflect the complexity and adaptability 
of bacterial colonization. Ureaplasmas on the other hand are highly adaptable bacteria, 
which activate TLR 1, 2 and 6 and are capable of evading the immune system through 
biofilm formation and rapid adaptation of their exterior, through the multiple banded 
antigen [17-19]. In chapter 3 we showed that the inflammatory response mounted by 
sheep fetuses against Ureaplasma parvum serovar 3 is markedly different from LPS. 
Contrary to LPS-induced inflammation [4, 14], there was no systemic response and only a 
mild up-regulation of cytokines in the fetal lungs after exposure to ureaplasmas. The most 
striking difference was the complete absence of a pulmonary monocyte/macrophage 
influx, which is one of the hallmarks of LPS-induced inflammation [13, 14, 20]. In a 
different study, chronic Ureaplasma exposure decreased immune responsiveness to LPS 
in fetal sheep of the same gestation, although short term Ureaplasma exposure was not 
sufficient to achieve this effect [21]. The fetal immune system was similarly paralyzed 
after repetitive LPS exposure, a finding which was recently confirmed in preterm infants 
which had been exposed to chorioamnionitis [13, 20, 22, 23]. Although this immune 
paralysis could well be protective against inflammation induced injury to the sensitive 
developing organs, it appears that infants exposed to chorioamnionitis are more likely 
to develop early onset sepsis [23, 24]. Later on in life, it may also explain why preterm 
infants with BPD are more often admitted to hospital with respiratory infections [25]. 
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A growing body of literature points out that the fetal immune system is fundamentally 
different to the adult immune system. The results discussed in this thesis regarding 
the fetal pulmonary inflammatory response support this concept. These differences in 
immune responsiveness likely protect the fetus and are adapted to life in utero, and like 
most other organs, the fetal immune system needs to make different adaptations for 
postnatal life.

Effect of LPS or U. parvum induced inflammation on mediators of lung 
development and maturation
Despite distinct differences in the composition of the immune response, both LPS and U. 
parvum models for chorioamnionitis showed pulmonary changes which are associated 
with lung maturation and BPD. LPS exposure led to increased production of surfactant in 
the fetal lungs and improved lung gas volumes (chapter 2). Pulmonary colonization with 
Ureaplasmas was accompanied by an altered and dysmorphic expression of extracellular 
matrix protein (chapter 3), which was similar to the lungs of BPD patients [26]. The 
major question posed in this thesis was which pathways mediated these developmental 
changes. 

TGFβ has been suggested to be important in the development of BPD [27, 28], as it 
functions as a double agent for both inflammation and normal lung development and 
repair [29, 30]. Induction of TGFβ caused a BPD-like phenotype in neonatal rat and mouse 
pups [31, 32], consistent with findings of elevated TGFβ levels in the bronchoalveolar 
lavage of ventilated infants that go on to develop BPD [27, 33]. The role of ventilation-
induced injury in TGFβ induction should not be underestimated, as preterm infants are 
often ventilated [34]. Experimental studies using ventilated preterm animals report 
strong induction of TGFβ levels [35, 36]. In our studies, 2 and 7 day LPS exposure only 
modestly increased TGFβ1 and 2 and its signaling mediators, pSmad2 and TGFβ receptors 
1 and 2 (chapter 4, 5 and 6). Interestingly, the downstream mediators were more 
strongly affected than TGFβ itself, including the negative regulator Caveolin-1 (chapter 
4 and 5) and CTGF (chapter 5). Despite this modest involvement after LPS exposure, 
continuous or multiple exposures to LPS and/or ureaplasmas did not alter levels of TGFβ 
or downstream mediators. These findings do not undermine the importance of TGFβ 
in the pathogenesis of BPD, but merely point out that prenatal inflammation may not 
be its most important inducer. Chorioamnionitis could prime the immune system in 
such a way that a second hit like ventilation would cause injury-induced inflammation 
and a surge in TGFβ and remodeling (Figure 1)[37]. A clinical study by van Marter and 
colleagues confirmed the increased risk of BPD in neonates that suffered a second hit 
after chorioamnionitis, such as ventilation or sepsis [34]. Conversely, neonates exposed 
to chorioamnionitis and/or Ureaplasma spp. in utero that did not suffer a second hit 
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were less likely to develop BPD [34, 38, 39].

Without exception, all other investigated pathways which play an important role in 
lung development and alveolarization were affected by intra-amniotic LPS exposure. In 
chapter 7 we found that the Shh-pathway was strongly suppressed after LPS exposure, 
which may have resulted in the increase in FGF10 and BMP4 gene expression. 

Figure 1: The second hit hypothesis of chorioamnionitis
Although there are no data available for Shh expression in the lungs of BPD patients, 
it has been reported that infants who go on to develop BPD have decreased levels of 
vitamin A [40]. Retinoic acid, which is a derivative of vitamin A, plays a crucial role in 
alveolarization and controls Shh expression [41-44]. Decreased levels of retinoic acid 
have also been reported in preterm sheep which had been exposed to LPS in utero [45]. 
Parallel to changes in TGFβ and Shh pathway mediators, components of the Wnt pathway 
were altered in the lungs of sheep fetuses exposed to intra-amniotic LPS (chapter 7). 
Wnt1, Wnt4 and Wnt5a, which represent different facets of the complex Wnt signaling 
family, were decreased in response to LPS exposure. Following this initial decrease, 
Wnt7b, and its downstream mediators Axin2 and c-myc, were strongly increased. Wnt 
signaling is needed for the regulation of alveolarization, particularly for the organization 
of the mesenchyme and smooth muscle cells [46, 47]. The altered deposition of 
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matrix proteins and smooth muscle layers around bronchi and vessels, as seen in both 
inflammation exposed preterm lambs (chapter 3, 6 and 7) and BPD patients [26], could 
therefore be the result of changes in Wnt and TGFβ signaling. Involvement of these 
pathways has also been reported in other lung diseases which involve remodeling, such 
as fibrosis and emphysema [48-51]. It is interesting to note that studies using hyperoxia 
based animal models of BPD consistently report a strong increase of TGFβ, Shh and Wnt 
signaling [35, 52, 53]. Considering the different effects of inflammation and hyperoxia on 
these pathways, it would be interesting to see whether a two hit situation as described 
above would aggravate the effects seen after either hit alone.

Inflammation and corticosteroids: partners in crime or rivals?
Considering the incidence of chorioamnionitis and the widespread use of corticosteroids 
in preterm birth, a combined exposure of the fetus to inflammation and corticosteroids 
is very common [54, 55]. Although the anti-inflammatory properties of corticosteroids 
might suggest an antagonistic effect when combined with intra-uterine inflammation, 
both factors combined actually enhance lung maturation in preterm sheep (chapter 2). 
This finding is supported by clinical observations that antenatal corticosteroids given 
to infants diagnosed with chorioamnionitis decreased the risk of adverse outcomes 
[56]. In clinical practice it is also possible that corticosteroids are administered before 
the onset of chorioamnionitis, instead of the other way around [54]. We found that 
the order of exposure to LPS-induced inflammation and maternal corticosteroids is 
significant with respect to the impact on fetal physiology. The strong additive effect of 
LPS and corticosteroid exposure was only seen in preterm lambs when LPS exposure 
preceded betamethasone administration. Consistently, an influx of inflammatory cells 
and an increase in the production of surfactant components were only seen in the lungs 
of lambs exposed to LPS before betamethasone (chapter 2). Although betamethasone 
administration before LPS exposure mostly prevented molecular changes induced by 
LPS, it did increase Wnt5a and TGFβ2 levels, unlike any of the other exposures (chapter 
5 and 7).

Despite the altered activity of the TGFβ, Shh and Wnt pathways after LPS-induced 
inflammation, hardly any involvement of these pathways could be found in fetal lungs 
after sequential exposure to LPS and maternal corticosteroids (chapter 5 and 7). 
Other signaling pathways must therefore be responsible for maturation of surfactant 
production and subsequent lung function. Considering the decreased risk of BPD or 
RDS in chorioamnionitis exposed infants treated with maternal corticosteroids [56], 
it could be possible that this protective effect is mediated through the TGFβ, Shh and 
Wnt pathways. Unfortunately, the inhibitive effect on alveolar septation was probably 
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not prevented as sequential LPS and betamethasone exposure still caused a decrease 
in elastin foci (chapter 7). Other experimental studies observed similar structural and 
maturational effects [57, 58]. Similar to our findings in the TGFβ, Shh and Wnt pathways, 
betamethasone prevented the up-regulation of MMP9 after LPS exposure in fetal sheep 
[58]. Since the glucocorticoid receptor (GR) is capable of interacting with a wide array of 
molecules, it has a very potent effect on gene expression [59-64]. Co-activation of the 
GR with the transcription factor NF-κB during an inflammatory response can alter the 
regulation of many downstream genes, and is probably at least in part responsible for 
the alternate effects of LPS exposure combined with maternal corticosteroids [60]. 

Clinical implications and future perspectives
Biomedical research should always serve as a platform for the improvement of 
clinical outcomes, in particular if the research is aimed at elucidating basic biological 
mechanisms. In order to devise new preventive and therapeutic strategies for BPD, it is 
highly important to understand the mechanisms that drive normal saccular and alveolar 
development and how they are driven off course by the events that surround preterm 
birth. Only then should steps be made to take the new found knowledge from the bench 
towards the bedside, so that the lungs may grow and function as they were meant 
to. Now that the first generations of former preterm infants with BPD have reached 
adulthood, it is becoming clear that their lung function remains impaired [25, 65, 66]. 
Although perinatal care has changed and improved greatly in the last two decades, 
preterm infants are still exposed to a multitude of factors which lead to the diagnosis 
of BPD. It should however be stressed that most of these exposures, including maternal 
corticosteroids and mechanical ventilation, are first and foremost crucial for improved 
outcome and survival in the neonatal period. Important advances to improve pulmonary 
outcome have been made by changing ventilation strategies, so that they are gentler and 
induce less damage [67]. Further improvements to ventilation strategies and surfactant 
administration which prevent endotracheal intubation, such as nasal continuous positive 
airway pressure (nCPAP) and laryngeal mask surfactant administration, are promising to 
reduce the severity of BPD [67-69]. In the long run, a potentially revolutionary approach 
could be used to avoid ventilation completely by using extracorporeal membrane 
oxygenation (ECMO), which filters and oxygenates the blood directly and is already used 
in adults and term neonates [70, 71]. Optimizing other facets of antenatal management 
to prevent sepsis should also augment lung development and improve pulmonary 
outcome. 

The association of chorioamnionitis with the development of several diseases 
of prematurity has given rise to the question whether microbial invasion of the 
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amniotic cavity and subsequent inflammation can be prevented. It is hard to diagnose 
chorioamnionitis in pregnant women, as it is often clinically silent. Collection of amniotic 
fluid samples through amniocentesis creates risks of abortion. Research efforts to 
find biomarkers of chorioamnionitis in maternal blood has not yielded any reliable 
biomarkers [72]. This may be the result of the heterogeneity of the micro-organisms 
that have been found in chorioamnionitis, as they elicit very different immune 
responses [73]. Although prophylactic antibiotic treatment of pregnant mothers may 
seem a tentative option, broad spectrum antibiotics may not always cross the placenta 
in sufficient concentrations to achieve therapeutic concentrations in utero [74, 75]. 
Moreover, the presence of bacteria commonly associated with chorioamnionitis, such 
as Ureaplasma spp., does not necessarily lead to preterm birth [2, 76, 77]. There may 
therefore be an inherent physiological or genetic component involved in fetuses that do 
mount an inflammatory response in utero compared to those who show immunologic 
tolerance [78-80]. Although intra-uterine inflammation can probably not be prevented, 
attention may be given to the overall prevention of preterm birth. This way, harmful 
postnatal exposures, such as ventilation, sepsis and antibiotics, may be delayed for as 
long as possible, in order to give the fetal organs a chance to mature as much as possible. 
Aside from smoking cessation and nutritional supplementation in pregnant women, a 
promising therapeutic intervention is the administration of progesterone to mothers 
who are at increased risk of preterm birth [81, 82]. Recent data from randomized 
controlled trials have demonstrated a marked decrease in preterm birth before 33-34 
weeks of gestation in women treated with vaginal progesterone [83, 84].

In this thesis we found that intra-uterine inflammation can already affect normal lung 
development within days. Given the multifactorial character of BPD, a vast array of 
potential ways of treatment can be considered to bring molecular signaling pathways 
that direct lung development back on track. One readily available treatment option is 
supplementation with vitamin A. Vitamin A has been proven to be beneficial for lung 
function in children if the mothers took supplements before, during and after pregnancy 
[85]. In animal studies supplementation with vitamin A improved alveolarization in 
neonatal rats and lambs [44, 86]. In clinical studies, supplementation with vitamin A 
in preterm infants significantly reduced the risk of BPD [87, 88]. Unfortunately these 
studies have not lead to the adoption of vitamin A supplementation in clinical practice, 
as the benefits of treatment were deemed too small [89]. The finding of strongly 
decreased Shh expression in LPS exposed fetal lambs (chapter 7) may be a clue how 
vitamin A supplements could normalize developmental pathway signaling. More 
research into alternative administration directly into the lung, or improved metabolic 
uptake through retinoid acid receptor expression may improve the efficacy of vitamin 
A treatment. Next to vitamin A, other components of the TGFβ, Shh and Wnt pathways 
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should be considered as potential therapeutic targets to combat BPD [90]. Whether 
these pathways are best targeted one by one, or by using stem-cell based therapies 
to redirect alveolarization remains a focus of ongoing research [91, 92]. In all potential 
treatments, careful consideration should however be given to the effects on other 
organs, particularly those as vulnerable as the brain and the gut.

Conclusion
In this thesis we aimed to give insight into how the developing lung and the pathways that 
orchestrate lung development are affected by antenatal stimuli, such as inflammation 
and corticosteroids. Although our studies were performed in fetal lambs in which the 
developing lung is highly similar to that in humans, they were also inherently limited 
by their observational approach. To confirm the associations between inflammation, 
corticosteroids and pathways important to lung development which we have found, more 
in-depth mechanistic studies will need to be done. Nonetheless they have identified a 
potential link between intra-uterine inflammation and altered lung development, and 
should therefore provide a basis for future translational research towards understanding 
and treating BPD.
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Vroeggeboorte
In de westerse wereld wordt 5 tot 13 procent van alle kinderen te vroeg geboren, 
waarbij vroeggeboorte wordt gedefinieerd als een zwangerschapsduur van minder dan 
37 weken. In 2008 werd in Nederland 7,7% van alle kinderen te vroeg geboren na een 
zwangerschapsduur van tussen 22 en 36 weken. Vroeggeboorte is de belangrijkste oorzaak 
van ziekte en sterfte onder zuigelingen, en veroorzaakte 75% van alle zuigelingensterfte 
in Nederland in 2008. In recente jaren is er niet alleen een geleidelijke toename geweest 
van het aantal vroeggeboortes, maar zijn ook de overlevingskansen van vroeggeborenen 
sterk verbeterd, waardoor er een sterke toename in overlevende vroeggeborenen is. 
Dankzij verschillende nieuwe behandelingen, zoals maternale corticosteroïden- en 
surfactant-behandeling bij de pasgeborene, kunnen meer vroeggeborenen overleven 
met minder complicaties die veroorzaakt worden door vroeggeboorte. Corticosteroïden 
worden toegediend bij aanstaande moeders die dreigen te vroeg te bevallen. Zowel 
corticosteroïden als de toediening van surfactant verbeteren de longfunctie van de 
baby zodat deze beter kan ademen. Zodoende verkleint dit ook de kans op andere 
complicaties. 

Vroeggeboorte kan verschillende oorzaken hebben, maar een van de meest 
voorkomende is waarschijnlijk een bacteriële infectie van de baarmoeder. Aangezien de 
moeder doorgaans geen klinische symptomen vertoont van deze infectie, kan deze pas 
vastgesteld worden door de vruchtvliezen en het vruchtwater in een laboratorium te 
laten onderzoeken. Als de vruchtvliezen inderdaad ontstoken zijn, wordt er gesproken 
van een chorioamnionitis. De aanwezigheid van bacteriën in het vruchtwater hoeft niet 
persé te leiden tot vroeggeboorte, maar bacteriële infecties komen wel veel vaker voor 
bij vroeggeborenen dan bij voldragen zuigelingen. Het is niet duidelijk wanneer deze 
bacteriële infecties beginnen tijdens de zwangerschap, maar waarschijnlijk banen de 
bacteriën zich een weg vanuit de vagina naar de baarmoeder en door de vruchtvliezen. Er 
zijn tot nu toe al veel verschillende soorten bacteriën geïdentificeerd in het vruchtwater 
en de vliezen van zuigelingen met chorioamnionitis, maar de meest voorkomende zijn 
Ureaplasma bacteriën. Er is toenemend epidemiologisch bewijs dat een bacteriële 
infectie van de baarmoeder niet alleen kan leiden tot vroeggeboorte, maar dat er ook 
een verband is met de ontwikkeling van verschillende complicaties na de geboorte.

De gevolgen van vroeggeboorte zijn volledig afhankelijk van de zwangerschapsduur op 
het moment van geboorte, en zijn veel ernstiger naarmate de zuigeling minder ontwikkeld 
is. Omdat de organen van vroeggeborenen nog niet klaar zijn voor het leven buiten de 
baarmoeder, hebben deze zuigelingen vaak medische ondersteuning nodig. Het eerste 
probleem waar ze mee te kampen krijgen is ademen, aangezien het longoppervlak nog 
niet groot genoeg is om voldoende zuurstof binnen te krijgen. Naast de behandeling 
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met corticosteroïden en surfactant, worden vroeggeborenen daarom vaak beademd om 
te zorgen dat er voldoende zuurstof in het bloed komt. Andere organen hebben ook 
vaak moeite met het leven buiten de baarmoeder. Omdat de huid, longen, darmen en 
het immuunsysteem nog niet volledig ontwikkeld zijn, treden er vaak ernstige infecties 
op. Doordat de organen nog onderontwikkeld zijn en ze nog niet om kunnen gaan met 
de invloeden van de buitenwereld, zoals infecties en (gebrek aan) zuurstof, treden er 
vaak complicaties op die grote gevolgen hebben voor het verdere leven van het kind. 
Veel kinderen die te vroeg geboren zijn groeien op met verstandelijke of motorische 
problemen, krijgen vaker infecties en ontwikkelen vaker astma.

Als zuigelingen te vroeg geboren worden zijn hun longen nog volop in ontwikkeling, 
en zijn de longblaasjes vaak nog niet volledig gevormd. Ondanks dat corticosteroïden 
zorgen voor een verbeterde longrijping en -functie, hebben ze het ongewenste 
neveneffect dat ze de longgroei en de vorming van longblaasjes remmen. Daarnaast 
worden deze longen vaak in de baarmoeder al blootgesteld aan een bacteriële infectie, 
en ook aan infecties en schade door beademing na de geboorte. Een van de meest 
voorkomende complicaties van vroeggeboorte is dan ook bronchopulmonale dysplasie 
(BPD), een afwijking in de longgroei waardoor er weliswaar minder, maar erg grote 
longblaasjes ontstaan. BPD patientjes krijgen niet genoeg zuurstof binnen omdat hun 
longoppervlak te klein is en moeten vaak met extra zuurstof beademd worden. Op dit 
moment is er geen behandeling mogelijk waardoor de longontwikkeling weer normaal 
wordt. De enige toegepaste behandeling is het toedienen van extra zuurstof, wat de 
longontwikkeling niet herstelt, maar uitsluitend de overlevingskans bevordert en het 
optreden van verdere complicaties voorkomt. Ondanks dat er veel bewijsmateriaal is 
dat bovenstaande infecties en schade door beademing vaak leiden tot de ontwikkeling 
van BPD, is het nog niet duidelijk hoe dit precies gebeurt.

Dit proefschrift
In dit proefschrift is onderzocht hoe veel voorkomende blootstellingen zoals infectie/
ontsteking en corticosteroïden de normale longontwikkeling beïnvloeden. Voor dit 
onderzoek is gebruik gemaakt van een schaapmodel, omdat de laatste stadia van de 
longontwikkeling van schapenfoetussen heel erg lijken op die van de mens. Ondanks dat 
zowel bacteriële infecties als behandeling met maternale corticosteroïden in de praktijk 
vaak voorkomen, is het effect van beiden op de ongeboren vrucht nauwelijks onderzocht. 
In hoofdstuk 2 wordt beschreven hoe het immuunsysteem van schapenfoetussen 
reageert op de blootstelling aan zowel ontsteking als maternale cortcicosteroïden, welke 
ook ontstekingsremmende eigenschappen hebben.  Een interessant resultaat hierbij was 
dat corticosteroiden blootstelling vóór de ontsteking een heel ander effect had op het 
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immuunsysteem en de longrijping dan blootstelling na de ontsteking. Daarnaast werd 
aangetoond dat ontsteking gevolgd door corticosteroïden de longrijping kon versterken 
terwijl de mate van ontsteking verminderd werd. In hoofdstuk 3 is aangetoond dat 
Ureaplasma bacteriën, die vaak gevonden worden bij te vroeg geboren kinderen, 
een ontsteking kunnen veroorzaken in de longen van schapenfoetussen wanneer de 
bacteriën in het vruchtwater worden geïnjecteerd. Daarnaast vertonen de longen van 
deze foetussen ook gelijkenissen met de longen van BPD-patiëntjes.

Een van de stoffen die aangetroffen is in longspoelingen van vroeggeborenen die BPD 
ontwikkelen is TGFβ. TGFβ speelt een belangrijke rol bij zowel ontstekingsprocessen als 
longontwikkeling, en is daarom hoogstwaarschijnlijk ook betrokken bij de ontwikkeling 
van BPD. In hoofdstukken 4, 5 en 6 is gekeken naar de betrokkenheid van TGFβ in de 
longen van lammetjes die blootgesteld zijn aan ontsteking (hoofdstuk 4), ontsteking in 
combinatie met corticosteroïden (hoofdstuk 5) en ontsteking met en zonder Ureaplasma 
bacteriën (hoofdstuk 6). TGFβ was enigszins toegenomen in de longen van lammetjes die 
alleen blootgesteld waren aan ontsteking, maar niet bij corticosteroïden of Ureaplasma 
bacteriën, ondanks de aanwezige ontsteking of de veranderingen in de longstructuur. 
Deze bevindingen benadrukken dat blootstelling aan ontsteking in de baarmoeder 
waarschijnlijk niet de belangrijkste oorzaak is van de ontwikkeling van BPD. Het is goed 
mogelijk dat deze eerste blootstelling aan ontsteking het immuunsysteem zodanig 
voorprogrammeert dat een tweede blootstelling aan ontsteking (zoals na longschade 
door beademing) een sterke toename aan TGFβ veroorzaakt. Dit zou dan leiden tot een 
verstoring van longontwikkeling en vervolgens tot BPD. Deze theorie wordt ondersteund 
door klinische studies, die hebben aangetoond dat vroeggeborenen die blootgesteld 
zijn aan zowel chorioamnionitis als beademing een veel grotere risico hebben op het 
ontwikkelen van BPD.

Naast TGFβ zijn er ook verschillende andere stoffen die een belangrijke rol spelen bij het 
aansturen van de longontwikkeling. In hoofdstuk 7 is de invloed van blootstelling aan 
ontsteking en corticosteroïden op de aanwezigheid van deze stoffen in de foetale long 
onderzocht. Daaruit bleek dat al deze stoffen sterk verhoogd of verlaagd waren door 
ontsteking, wat kan duiden op een verstoorde longontwikkeling. Interessant was daarbij 
dat wanneer de foetussen ook blootgesteld waren aan corticosteroïden, al deze stoffen 
weer op normaal peil kwamen. Wat dit betekent voor de verdere longontwikkeling en 
functie is op basis van dit onderzoek moeilijk te zeggen, maar het is wel opmerkelijk 
dat longen die blootgesteld waren aan zowel ontsteking en corticosteroïden een 
versterkte longrijping ondergingen (beschreven in hoofdstuk 2). Verder onderzoek is 
nodig om te bepalen of de longrijping die veroorzaakt wordt door corticosteroïden de 
longontwikkeling permanent verstoort, of dat het effect slechts tijdelijk is.
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Conclusie
Biomedisch onderzoek dient er altijd naar te streven om inzichten te verschaffen 
waarmee betere behandelingen ontwikkeld kunnen worden, zelfs als het onderzoek 
zich buigt over de meest basale lichaamsprocessen. Opdat nieuwe therapiën ontwikkeld 
kunnen worden om BPD te genezen of zelfs te voorkomen, is er dringend behoefte 
aan kennis over de normale longontwikkeling aan het einde van de zwangerschap, en 
hoe deze verstoord kan worden voor, tijdens en na vroeggeboorte. Het onderzoek dat 
gepresenteerd wordt in dit proefschrift heeft hier aan bijdrage aan geleverd, door aan 
te tonen dat een veelvoorkomende blootstelling aan bacteriën in de baarmoeder al een 
effect kan hebben op de zich ontwikkelende long en de stoffen die deze ontwikkeling 
aansturen. In de toekomst  zal er nog verder onderzoek nodig zijn om de verbanden 
tussen ontsteking en longontwikkeling beter te begrijpen en verder uit te diepen. Het 
onderzoek in dit proefschrift geeft een basis voor toekomstig onderzoek dat erop gericht 
zal zijn om BPD te kunnen begrijpen en uiteindelijk te genezen.
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