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Abstract

Deficiency of pulmonary surfactant is the main cause of respiratory distress syndrome (RDS) in
premature newborn infants, which is often complicated by chronic lung disease (CLD). Preterm birth
is often associated with intra-amniotic infection (IUI), which is characterized by increased
proinflammatory cytokines, such as interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α), in the
amniotic fluid. In very preterm birth due to IUI, the incidence of RDS is decreased, while the
incidence of CLD is increased. Maternal glucocorticoids are used in imminent preterm birth to
prevent RDS. This study was designed to clarify the contrasting association of these perinatal
pulmonary diseases with IUI and the pathogenesis of these lung diseases using an in vitro rabbit
model.

IL-1 increased the expression of surfactant protein (SP)-A and SP-B in very immature lung.
Contrariwise, in transitional and mature fetal lung as well as in newborn lung, IL-1 additively with
TNF-α decreased the expression of SP-B and SP-C. Bacterial lipopolysaccharide (LPS) decreased
SP-A, -B and -C mRNAs in mature fetal and newborn lung, but had no effect on SP expression in
immature lung. Interferon-γ (IFN-γ) had no effect on SP expression at any gestational age, but it
modified the effects of the other cytokines. Dexamethasone (Dx) and IL-1 in combination additively
increased SP-A and SP-B mRNAs in immature lung. Dx abolished the inhibitory effect of IL-1 on
SP-B and SP-C in mature lung. Dx and IL-1 together tended to stabilize SP mRNAs. The present
findings provide additional evidence of the role of the transcription factors nuclear factor-κB (NF-
κB) and C/CAAT enhancer-binding protein δ (C/EBPδ) in the upregulation of SP-A by IL-1 in
immature lung.

Proinflammatory cytokines profoundly influence the expression of surfactant proteins in a manner
that is strictly dependent on the length of gestation. The present findings help to explain the
differences in the incidence of RDS and CLD in preterm births caused by IUI, and they may clarify
further the role of surfactant in the pathogenesesis of lung diseases in neonatal infants. 

Keywords: bronchopulmonary dysplasia, chorioamnionitis, cytokines, pulmonary 
surfactants, respiratory distress syndrome
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Tiivistelmä

Keuhkosurfaktantin puute aiheuttaa ennenaikaisesti syntyville keskosille vastasyntyneen
hengitysvaikeusoireyhtymää eli RDS-tautia (Respiratory Distress Syndrome). Toinen keskosilla
esiintyvä keuhkosairaus on krooninen keuhkosairaus eli CLD (Chronic Lung Disease).
Glukokortikoideja käytetään hoitona ennenaikaisen synnytyksen uhatessa, koska niiden tiedetään
vähentävän RDS-taudin riskiä. Kohdunsisäinen infektio on huomattava ennenaikaisen synnytyksen
aiheuttaja. Infektiossa tulehduksen välittäjäaineet, kuten sytokiinit interleukiini-1 (IL-1) ja
tuumorinekroositekijä alfa (TNF-α) lisääntyvät lapsivedessä. Infektiosta aiheutunut ennenaikainen
synnytys vähentää RDS-taudin ilmaantumista pienille keskosille ja toisaalta lisää kroonisen
keuhkosairauden riskiä. Tutkimuksen oli tavoitteena selvittää, miksi RDS ja CLD ilmaantuvat
eriävästi infektion vuoksi ennenaikaisesti syntyneille vauvoille.

Viljelemällä eri-ikäisten kanin sikiöiden sekä vastasyntyneiden kanin poikasten keuhkon
kappaleita tutkittiin tulehduksen välittäjäaineiden sekä anti-inflammatorisen glukokortikoidin
(deksametasonin) vaikutusta surfaktantin toiminnalle tarpeellisten surfaktanttiproteiinien (SP)
ilmentymiseen. IL-1 lisäsi SP-A:n ja SP-B:n ilmentymistä erittäin epäkypsässä kanin sikiön
keuhkossa. Toisaalta IL-1 ja TNF-α vähensivät SP-B:n ja SP-C:n ilmentymistä kypsemmässä sikiön
sekä vastasyntyneen kanin keuhkossa. Interferoni-gamma (IFN-γ) ei vaikuttanut
surfaktanttiproteiinien ilmentymiseen missään gestaatioiässä, mutta se muunsi muiden sytokiinien
surfaktanttivaikutusta. Gram-negatiivisten bakteerien soluseinän tuote, lipopolysakkaridi (LPS)
vähensi SP-A:n, SP-B:n ja SP-C:n ilmentymistä kypsässä kanin sikiön ja vastasyntyneen kanin
keuhkossa. IL-1:llä ja deksametasonilla oli positiivinen yhteisvaikutus surfaktanttiproteiinien
ilmentymiseen. Tämän surfaktanttiproteiineja lisäävän vaikutuksen mekanismiksi havaittiin
pääasiallisesti lisääntynyt mRNA:n stabiliteetti. Lisäksi tutkimus antaa lisätietoa kahden
transkriptiofaktorin, NF-κB:n (nuclear factor kappa B) ja C/EBPγ:n (C/CAAT enhancer binding
protein delta), osuudesta IL-1:n aiheuttamassa SP-A:n ilmentymisen lisääntymisessä.

Sytokiinien vaikutukset surfaktanttiproteiinien ilmentymiseen ovat riippuvaisia gestaatioiästä.
Tutkimuksen löydökset auttavat ymmärtämään RDS:n ja CLD:n vastakohtaista esiintymismäärää
keskosilla, joiden ennenaikainen synnytys on aiheutunut kohdunsisäisestä tulehduksesta. Edelleen
tutkimus selittää glukokortikoidien positiivista vaikutusta hengitysvajaukseen johtavassa
keuhkotulehduksessa.

Asiasanat: keuhkosurfaktantti, kohdunsisäinen infektio, krooninen keuhkosairaus,
sytokiini, vastasyntyneen hengitysvaikeusoireyhtymä
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 Abbreviations 

AL   amniotic fluid 
ARDS   acute respiratory distress syndrome 
ATP   adenosine triphosphate 
BAL(F)   bronchoalveolar lavage (fluid) 
BPD   bronchopulmonary dysplasia 
BW   birth weight 
cAMP   cyclic adenosine monophosphate 
cDNA   complementary deoxyribonucleic acid 
C/EBP   C/CAAT enhancer-binding protein 
C/EBP-RE  C/CAAT enhancer-binding protein response element 
CLD   chronic lung disease 
CRD   carbohydrate recognition domain 
Dx   dexamethasone 
DPPC   dipalmitoyl phosphatidylcholine 
EGF   epidermal growth factor 
EMSA   electrophoretic mobility shift assay 
FRC   functional residual capacity 
IFN   interferon 
Ig   immunoglobulin 
IL   interleukin 
IL-1 R   interleukin-1 receptor 
i.m.   intramuscular 
IT   intratracheal 
IUI   intrauterine infection 
i.v.   intravenous 
kDa   kilodalton(s) 
LBP   lipopolysaccharide-binding protein 
LPS   lipopolysaccharide 
LTA   lipoteichoic acid 
mRNA   messenger ribonucleic acid 
MBL   mannan-binding lectin



NF-κB   nuclear factor-κB 
PAGE   polyacrylamide gel electrophoresis 
PAMP   pathogen-associated molecular pattern 
PC   phosphatidylcholine 
PG   phosphatidylglycerol 
PI   phosphatidylinositol 
PMN   polymorphonuclear 
PRR   pattern recognition receptor 
RDS   respiratory distress syndrome 
Sat PC   saturated phosphatidylcholine  
SDS   sodium dodecyl sulphate 
SP   surfactant protein 
TBE   thyroid transcription factor-1-binding element 
TGF   transforming growth factor 
TLR   toll-like receptor 
TNF   tumor necrosis factor 
TNF-R   tumor necrosis factor receptor 
TTF-1   thyroid transcription factor-1 
VEGF   vascular endothelial growth factor 
VLBW   very low birth weight
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1 Introduction 

The peripheral airways lead to air saccules and alveoli, which cover the interior surface 
of the lung. The alveoli make the surface area of the lung sufficient for gas exchange. 
Pulmonary surfactant covers the alveolar lining and lowers the surface tension across the 
alveolar-liquid interface, preventing alveolar collapse at end of the expiration and 
facilitating the effort of breathing (Clements 1977). The large respiratory epithelial 
surface makes the lung vulnerable to inhaled pathogens, and an effective innate immunity 
system is needed to protect the lung from invasive micro-organisms. 

Surfactant deficiency causes respiratory distress syndrome (RDS) in preterm neonates. 
RDS is the main cause of neonatal morbidity and mortality in developed countries 
(Clements & Avery 1998). Another neonatal pulmonary disease that develops as a 
complication of RDS or independently of RDS is chronic lung disease (CLD). The 
etiological factors of CLD include barotrauma and oxygen exposure in ventilated preterm 
infants (Northway, Jr. et al. 1967) as well as a complex inflammatory reaction (Speer 
1999).  

Preterm birth is often caused by intra-amniotic infection (IUI). In IUI, the levels of 
proinflammatory cytokines, including interleukin-1 (IL-1) (Romero et al. 1992a) and 
tumor necrosis factor-α (TNF-α) (Romero et al. 1992b), are elevated in amniotic 
fluid(Romero et al. 1998). Bacteria have been variably cultured in amniotic fluid in IUI 
(Goldenberg et al. 2000). In some cases of very preterm birth due to IUI, the incidence of 
RDS is decreased, while the incidence of CLD is increased (Watterberg et al. 1996). In an 
animal model mimicking IUI, pregnant rabbit and sheep received intra-uterine IL-1 or 
bacterial lipopolysaccharide (LPS). The preterm fetuses showed increased surfactant 
protein expression and an increased phospholipid content as well as improved lung 
function (Bry et al. 1997, Emerson et al. 1997, Jobe et al. 2000, Bry & Lappalainen 
2001). IL-1 is also known to increase SP-A expression in vitro in rabbit and human fetal 
lung (Dhar et al. 1997, Islam & Mendelson 2002). 

In this research project, the effects of the proinflammatory cytokines IL-1, TNF-α, and 
IFN-γ as well as LPS and anti-inflammatory dexamethasone on surfactant proteins were 
studied in fetal and newborn rabbit lung in vitro. The aim was to investigate the 
pathogenetic mechanism of the variable incidence of RDS and CLD in premature infants 
born from pregnancies complicated by IUI. 



2 Review of the literature 

2.1  Pulmonary surfactant 

Pulmonary surfactant is present in the epithelial lining of alveoli. Its main function is to 
lower the surface tension between air and alveolar fluid and thus to prevent alveolar 
collapse at end of the expiration (Clements 1977). Another important function of 
surfactant is pulmonary host defense (Crouch & Wright 2001). Pulmonary surfactant 
consists of lipids (90-95%) and four surfactant proteins (SP-A, SP-B, SP-C, and SP-D, 5-
10%). 

2.1.1  Surfactant metabolism 

Surfactant is synthesized and secreted mainly by type II alveolar epithelial cells. The 
airway epithelial cells, Clara cells, can also synthesize SP-A, SP-B, and SP-D (Phelps & 
Floros 1991, Crouch et al. 1992). After synthesis, surfactant phospholipids are stored as 
closely packed bilayers in lamellar bodies, which serve as the intracellular storage of 
surfactant. From type II cells, lamellar bodies are secreted into the alveoli by exocytosis. 
The lamellar body phospholipids rearrange in the alveoli into an expanded membrane 
lattice called tubular myelin (Williams 1977), from which the phospholipid layer is 
formed at the air-fluid interface just above the alveolar epithelium. The hydrophobic 
surfactant proteins, SP-B and SP-C, are also secreted in the lamellar bodies together with 
phospholipids (Rooney 2001). The hydrophilic SP-A (Ikegami et al. 1992, Ikegami et al. 
1994, Osanai et al. 1998) and SP-D (Crouch et al. 1991, Voorhout et al. 1992) are, 
instead, secreted independently of lamellar bodies, and they associate with surfactant 
lipids in the alveolar lumen. From the alveoli, the surfactant components are recycled into 
type II cells (Geiger et al. 1975, Hallman et al. 1981), where the majority are re-utilized 
(Jacobs et al. 1983) or removed from the cycle by phagocytosis and degraded within 
alveolar macrophages (Miles et al. 1988, Grabner & Meerbach 1991). 
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Fig. 1. Structure of alveolus, modified from (Hawgood & Clements 1990). 

2.1.2  Surfactant lipids 

The major lipid group in surfactant is phospholipids (80-90%). The most abundant 
phospholipid is phosphaditylcholine (PC), and more than half of PC is disaturated. 
Saturated PC (Sat PC) largely consists of dipalmitoyl phosphatidylcholine (DPPC), 
which accounts for approximately 40% of total lipids (Akino 1992). DPPC is the major 
surface-active component of surfactant and essential for its biophysical function 
(Clements 1977). The second most abundant phospholipid is phosphaditylglycerol (PG) 
(5-10% of total phospholipids), while phosphaditylinositol (PI) accounts for a minor part 
of phospholipids. Cholesterol comprises the major part of neutral lipids (~ 5 %) (Akino 
1992). 

2.1.3  Surfactant protein A 

Surfactant protein A (SP-A) is a 28-36 kDa hydrophilic collagenous glycoprotein 
(Batenburg 1992) encoded by two genes (SP-A1 and SP-A2) in human (Katyal et al. 
1992). It belongs to the C-type (calcium-dependent) mammalian lectins, collectins, which 
are composed of an N-terminal cysteine-rich region, a collagen-like region, a 
hydrophobic neck region and a globular sugar-binding head (carbohydrate recognition 
domain = CRD) (Lawson & Reid 2000). The basic structural unit of collectins is trimer, 

Alveolar macrophage

Tubular myelin

Lamellar body

Alveolar type II cell Alveolar type I cell

Surfactant layer

Air space

Alveolar fluid
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and in mature SP-A, six trimers form an octadecamer, which resembles a bunch of tulips, 
the collagen-like domains making up the stems and the CRDs the flowers (Vaandrager & 
van Golde 2000). SP-A has functions in surfactant metabolism and in pulmonary host 
defense (see 2.5.1), which have been studied both in vitro and in vivo. 

The role of SP-A in surfactant metabolism in vitro has been under extensive research 
(Hawgood & Poulain 2001). It takes part in surfactant pool size regulation by inhibiting 
surfactant secretion from type II cells (Rice et al. 1987, Dobbs et al. 1987). SP-A 
associates rapidly with the secreted lamellar bodies (Voorhout et al. 1991) and is needed 
to form and maintain the tubular myelin structure (Suzuki et al. 1989, Williams et al. 
1991, Klein et al. 2002). SP-A can bind to surfactant phospholipids (King & Macbeth 
1979, Ross et al. 1986), and there is evidence that it improves surface activity by 
facilitating the adsorption of surface-active material to the air-fluid interface (Schurch et 
al. 1992), especially when surfactant dysfunction is caused by serum proteins (Cockshutt 
et al. 1990). SP-B is presumed to be the primary surfactant protein needed for 
phospholipid adsorption, and the role of SP-A in surfactant surface activity may be 
secondary, i.e. synergistic or regulatory (Hawgood & Poulain 2001). SP-A also takes part 
in the recycling of surfactant, facilitates the uptake of phospholipids into type II cells 
(Wright et al. 1987) and alveolar macrophages (Wright & Youmans 1995), and protects 
phospholipids from degradation in type II cells (Wright et al. 1987). 

In vivo studies have questioned the importance of SP-A in the regulation of surfactant 
composition and metabolic functions. SP-A-deficient mice survived normally after term 
birth and had no detectable alterations in their pulmonary function or lung structure 
(Korfhagen et al. 1996). Surface tension was not altered in surfactant from SP-A(-/-), 
except at low concentrations of Sat PC in the absence of Ca2+ (Korfhagen et al. 1996). 
Consistent with in vitro findings, surfactant from SP-A-null mice lacks tubular myelin 
(Korfhagen et al. 1996, Ikegami et al. 1998). The surfactant from transgenic mice is also 
more sensitive to inactivation by plasma proteins and contains less biophysically active 
large-aggregate surfactant (Ikegami et al. 1998). The surfactant from SP-A-deficient mice 
given to preterm rabbits was equally effective as normal surfactant, and SP-A(-/-) mice did 
not have any increased lung injury caused by N-nitroso-N-methylurethane (NMU) 
(Ikegami et al. 1998). Nor were there any differences in the tolerance of exercise or 
hyperoxia between wild-type and SP-A-deficient mice (Ikegami et al. 2000). The alveolar 
pool size of Sat PC was increased by 50% and the total lung tissue pool of Sat PC by 
26% in SP-A(-/-) mice. There was also a small decrease in surfactant uptake in SP-A-
deficient mice, even though the total influence of SP-A deficiency on surfactant 
metabolism was thought to be minimal (Ikegami et al. 1997b). In lung injury induced by 
lipopolysaccharide (LPS), the phospholipid levels of surfactant from SP-A(-/-) mice 
increased 1.6-fold, and the clearance of DPPC from the alveolar space was significantly 
decreased compared to LPS-treated SP-A(+/+) mice (Quintero et al. 2002). 
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2.1.4  Surfactant protein B  

SP-B is a small hydrophobic protein (8 kDa). It is expressed by type II cells and Clara 
cells (Phelps & Floros 1991), but the only cell types where the mature SP-B protein is 
detected are type II cells and alveolar macrophages (Whitsett et al. 1995). Mature hSP-B 
(79 amino acids) is present in alveolus as a 18 kDa homodimer, which is intracellulary 
processed from a monomeric preproprotein (381 amino acids). SP-B is a member of the 
saposin-like (SAPLIP) family of peptides, which all interact with lipids. SP-B is 
exceptionally hydrophobic, and it is always associated with surfactant phospholipids 
(Hawgood et al. 1998, Weaver 1998, Weaver & Conkright 2001). 

SP-B is the only surfactant protein essential for life. Infants with hereditary SP-B 
deficiency suffer from lethal respiratory failure (Nogee et al. 1993, Nogee et al. 1994). 
SP-B has a critical role in the biophysical properties of surfactant, including surface 
tension reduction (Pryhuber 1998). It promotes the formation of a surfactant monolayer at 
the air-fluid interface by accelerating the adsorption and surface spreading of 
phospholipids (Hawgood et al. 1987, Oosterlaken-Dijksterhuis et al. 1991) and has a role 
in maintaining a functional interfacial film (Poulain et al. 1996, Nag et al. 1999). It takes 
part in tubular myelin formation in the presence of SP-A and Ca2+  (Williams et al. 1991) 
and enhances phospholipid uptake by type II cells (Rice et al. 1989). 

There are several abnormalities in the surfactant and lung functions of SP-B-deficient 
human infants. These infants lack tubular myelin and a normal distribution of SP-A and 
SP-C, accumulate incompletely processed SP-C (12 kDa SP-C peptide) (Vorbroker et al. 
1995), and have abnormal surfactant activity and levels of phosphatidylglycerol. SP-B 
deficiency is associated with congenital alveolar proteinosis and alveolar epithelial cell 
desquamation (Weaver & Conkright 2001). SP-B-deficient mice die shortly after birth 
due to respiratory failure. They have normal amounts of SP-A mRNA and protein, SP-C 
mRNA and proSP-C as well SP-D, but the abundance of active SP-C (3-4 kDa) is very 
low and the proSP-C fragment (8-12 kDa) is prominent in the alveoli, unlike in the lung 
of SP-B(+/+) or SP-B(+/-) mice (Clark et al. 1995, Tokieda et al. 1997). The lungs of SP-B-
deficient mice appear morphologically normal at birth. However, the ultrastructure of 
alveolar epithelium is deficient, e.g. the lamellar bodies are abnormally organized (Clark 
et al. 1995, Stahlman et al. 2000) and the extracellular tubular myelin is absent (Clark et 
al. 1995). 

2.1.5  Surfactant protein C 

SP-C is a small hydrophobic protein (4 kDa), which is expressed only in type II cells. 
Mature hSP-C (35 amino acids) is processed from a proprotein that contains 197 amino 
acids (Weaver 1998). 

Similarly to SP-B, SP-C also accelerates the surface film formation by enhancing the 
adsorption and spreading of phospholipids to the air-fluid interface and takes part in the 
maintenance of the film (Yu & Possmayer 1990, Oosterlaken-Dijksterhuis et al. 1991). 
Functionally, SP-B and SP-C have overlapping surface film-promoting properties, since 



20 

surfactant preparations containing either SP-B or SP-C can restore lung function in 
surfactant-deficient animals (Revak et al. 1988, Hawgood et al. 1996, Ikegami & Jobe 
1998). SP-C takes part in surfactant metabolism in vitro by enhancing phospholipid 
uptake (Horowitz et al. 1996). Recently, SP-C has been shown to bind bacterial 
lipopolysacherides (LPS), and it is thus also considered to have a role in pulmonary host 
defense (Augusto et al. 2001, Augusto et al. 2002). 

SP-C(-/-) mice survive normally and grow and reproduce like their SP-C(+/+) littermates. 
Their lung morphology is similar to that of wild-type mice, there are normal lamellar 
bodies in type II cells, and tubular myelin is detected in the alveolar space. The size and 
composition of the surfactant pool are also unaltered. The viscoelasticity of lung tissue 
(hysteresivity) was found to be significantly lower in animals deficient in SP-C. The 
surface activity of surfactant isolated from SP-C(-/-) mice was normal, but in 
circumstances mimicking compromised conditions, such as respiratory distress syndrome 
(e.g small alveolar volumes), the stability of SP-C-deficient surfactant was significantly 
altered (Glasser et al. 2001). 

2.1.6  Surfactant protein D 

Surfactant protein D (SP-D) is a 43 kDa hydrophilic glycoprotein. Similarly to SP-A, SP-
D belongs to collectins, and the basic structure of the monomer is similar to that of SP-A 
and the collectin family (see 2.1.3). SP-D forms a cruciform oligomer, which is 
composed of four trimers (Batenburg 1992, Kuroki & Voelker 1994). 

The main role of SP-D has been thought to be in pulmonary host defense (see 2.5.1), 
and the importance of SP-D in surfactant metabolism and homeostasis was not 
considered to be significant in vitro. SP-D can bind to the surface of alveolar type II cells 
(Herbein et al. 2000) as well as alveolar macrophages (Kuan et al. 1994). There is no 
direct evidence of SP-D taking part in surfactant metabolism, e.g. phospholipid uptake. 
SP-D does not substantially bind to surfactant aggregates. However, it binds to 
phosphatidylinositol (Ogasawara et al. 1992, Persson et al. 1992) and promotes the 
formation of tubular structures of phospholipids in the presence of PI, SP-B, and calcium 
(Poulain et al. 1999). Studies made with SP-D-deficient mice also suggest a role for SP-D 
in surfactant homeostasis. The lungs of SP-D-null mice contain enlarged alveoli, 
accumulation of surfactant phospholipids, increased numbers of large alveolar 
macrophages, as well as abnormal type II cells and surfactant structure (Korfhagen et al. 
1998, Botas et al. 1998). 
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2.2  Lung diseases in premature newborn 

2.2.1  RDS 

Avery and Mead in 1959 noticed that prematurely born infants who died of hyaline 
membrane disease, nowadays called respiratory distress syndrome (RDS), were deficient 
of lung surfactant (Clements & Avery 1998). Despite the very effective treatments, 
surfactant therapy being the most successful, RDS is still the most common cause of 
neonatal morbidity and mortality in developed countries.  

The overall incidence of RDS is approximately 1% of all infants (Zimmerman 1995). 
The incidence decreases from nearly 100% at 24-26 gestational weeks to 15-40% at 29-
32 weeks and virtually zero at about term. During the third trimester of pregnancy, the 
fetal lung begins to secrete the surfactant that accumulates into amniotic fluid. Lung 
immaturity and the risk of RDS in an unborn fetus are diagnosed by measuring the 
surfactant in a specimen of amniotic fluid collected by amniocentesis. Surfactant indices 
include the lecithin/sphingomyelin ratio and phosphatidylglycerol (Hallman M 1992). 
RDS is a self-limiting disease; as surfactant secretion enhances, the alveolar pool of 
surfactant increases during 24-96 hours after birth (Hallman et al. 1986, Hallman et al. 
1991, Bunt et al. 1998).  

Symptoms of RDS, including cyanosis, tachypnea, nasal flaring, intercostal and 
sternal retractions, and expiratory grunt, usually develop within a few hours after birth 
(Walther FJ & Taeusch HW 1992). Apart from these signs, the pathophysiologic features 
of RDS include generalized atelectasis and lung edema, low lung compliance, reduced 
functional residual capacity (FRC), and increased breathing effort. RDS is diagnosed on 
the basis of severe respiratory distress requiring supplemental oxygen and other therapies 
(ventilation with continuous positive pressures or surfactant therapy) and characteristic 
chest x–ray findings showing a ground-glass haze in the lung surrounding air-filled 
bronchi (air bronchogram) (Walther FJ & Taeusch HW 1992). Pathological findings seen 
in the lungs of infants who died of RDS include atelectasis, pulmonary edema, 
congestion and hemorrhage, as well as hyaline membrane formation due to injury of 
epithelial cells in the small airways and alveoli (Horowitz & Davis 1997). Complications 
are common in RDS and include patent ductus arteriosus, intracranial hemorrhage, and 
chronic lung disease (CLD) (Walther FJ & Taeusch HW 1992). 

2.2.2  CLD 

CLD, often synonymously called bronchopulmonary dysplasia (BPD), which is the most 
common form of chronic infant lung disease (Zimmerman 1995), has the highest 
incidence among infants born before 28 weeks of gestation and weighing less than 1 kg 
(Jobe & Ikegami 2001). The etiology is multifactorial. Apart from prematurity, the risk 
factors include baro- and volutrauma, oxygen toxicity, prenatal and nosocomial infection, 
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and increased pulmonary flood flow secondary to a patent ductus arteriosus (Speer 1999). 
CLD is often preceded by RDS, although it may also develop in very low birth weight 
(VLBW) infants with little or no lung disease initially (Charafeddine et al. 1999, Jobe & 
Bancalari 2001). Originally, CLD was thought to be caused by barotrauma and oxygen 
exposure in ventilated preterm infants (Northway, Jr. et al. 1967). Current evidence also 
supports an important role of a complex inflammatory reaction characterized by 
proinflammatory cytokine production and recruitment of white blood cells in the 
pathogenesis (Ozdemir et al. 1997, Speer 1999, Jobe & Ikegami 2001). Increased 
microvascular permeability is a common feature of CLD and RDS, increasing the risk of 
pulmonary edema (Zimmerman 1995). The main pathological abnormalities in CLD, now 
the present surfactant treatment era, are arrested alveolarization and microvascularization, 
while fibrosis, airway injury, and emphysema are minimal (Husain et al. 1998). 

The factors that predict the manifestation of CLD in infants with or without RDS have 
been studied. Infants with early-stage RDS have increased numbers of inflammatory cells 
in the airway samples, and in those who developed CLD instead of recovering from RDS, 
the number of inflammatory cells was even much higher (Merritt et al. 1983). Numerous 
studies have shown elevated levels of proinflammatory cytokines, IL-1α and β, TNF-α, 
IL-6, and IL-8, in the bronchoalveolar and tracheobronchial fluid of infants who develop 
CLD (Kotecha et al. 1996, Jonsson et al. 1997, Munshi et al. 1997, Kazzi et al. 2001). 
Elevated levels of IL-6 in cord blood also predict CLD (Yoon et al. 1999). 

2.3  Lung development 

The normal human pregnancy lasts for 37-42 weeks. Lung development begins with the 
first appearance of a tracheal bud in the developing embryo, at day 26 of gestation. The 
endodermal cells from the embryonic foregut outpouch ventrally into the surrounding 
mesenchyme. The lung bud elongates and divides dichotomously. At the age of about 4.5 
weeks, there are five tiny saccules, two on the left-hand side and three on the right-hand 
side, representing the future lobar bronchi and the corresponding lung lobes. The 5th-17th 
weeks are called the pseudoglandular phase: the bronchioles, respiratory bronchioles, and 
alveolar ducts are formed by repeated dichotomous branching of the lung buds. During 
the canalicular phase (16th-26th weeks), differentiation of the epithelial cells lining the 
alveolar ducts occurs, the first type II cells containing lamellar bodies appear, and 
capillary growth within the developing lung begins. The phase from week 24th to term is 
called the terminal saccular phase: the capillary networks develop further, cells 
differentiate, the mesenchyme-derived stroma thins down, and the presumptive alveoli 
expand. Surfactant synthesis and secretion are augmented after the 30th week. The 
alveolar stage begins on the 36th week preterm and continues for 18 months postnatally 
(Burri 1997, Mendelson 2000). Since this thesis is based on studies using rabbit fetal and 
newborn lung, figure 2 presents rabbit lung development compared to human lung 
development (Burri 1997, Kikkawa et al. 1971). 
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Fig. 2. Comparison of human and rabbit lung development, modified from (Burri 1997). 

2.3.1  Developmental regulation of SPs in human and rabbit lung 

The synthesis and function of pulmonary surfactant is under multifactorial control. It is 
regulated developmentally during fetal life as well as by a variety of hormones, growth 
factors, cytokines, and other agents. 

SP-A mRNA and protein are undetectable or expressed at very low levels in human 
fetal lung before the third trimester (Ballard et al. 1986, Weaver et al. 1986, Liley et al. 
1987). SP-A protein can be first detected from amniotic fluid at the 19th week of 
gestation, although a clear increase is seen not until the third trimester, during which the 
concentration increases exponentially towards birth (Hallman et al. 1989, Pryhuber et al. 
1991). SP-B and SP-C mRNAs are detectable as early as at 13 weeks of gestation, 
increasing to 50% and 15% of the pooled adult level by 24th week, respectively (Liley et 
al. 1989). SP-B protein was barely detectable in fetal lung at 19th -24th weeks (Beers et al. 
1995) and in amniotic fluid at 31st weeks of gestation (Pryhuber et al. 1991). 

The gestational period of rabbits is 30-31 days. In fetal rabbit lung, SP-A gene 
transcription initiates before augmented surfactant phospholipid synthesis. 
Transcriptional activity of SP-A can be seen in 24-day fetal lung cell nuclei, and it 
increases as a function of gestational age, reaching its maximum in 28-day fetal rabbits 
(Boggaram & Mendelson 1988). SP-A mRNA is detectable in the lung of 24- to 26-day-
old fetuses, reaches its peak level by day 30-31, and decreases transiently after birth 
(Boggaram et al. 1988, Ohashi et al. 1994). Immureactive SP-A protein can also be 
detected on day 24 of gestation, and it increases towards term (Snyder & Mendelson 
1987). SP-B mRNA is first seen on the days 24-26 of gestation (Connelly et al. 1991, 
Ohashi et al. 1994) and SP-C on the days 19-22 of gestation (Connelly et al. 1991, 
Ohashi et al. 1994), and both mRNAs increase along with gestational age. 
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Both human and rabbit fetal lung differentiate spontaneously in organ culture. Fetal 
lung tissue from mid-trimester aborted human fetuses (20-22 gestational weeks) 
developed the capacity for surfactant synthesis within 4 days in culture, and the ductal 
epithelium differentiated into type II cells containing several lamellar bodies. Also, the 
phosphaditylcholine content increased as a function of time in culture (Mendelson et al. 
1981). After five days in organ culture, human fetal lung of 13-25 weeks of gestation was 
found to have SP-A levels twice as high as those in adult lung (Ballard et al. 1986). 
Similarly, in human preculture fetal lung tissue from 15-24 weeks of gestation, SP-A was 
undetectable or barely detectable, while after 24-48 hours in culture, SP-A was first 
readily detectable and kept increasing in prolonged culture (3-5 days) (Whitsett et al. 
1987a). In lung explants from the second trimester, SP-B mRNA increased during 1 to 5 
days of culture, while SP-C mRNA decreased (Liley et al. 1989).  

Immunoreactive SP-A was undetectable in 21-day fetal rabbit lung, but increased 
during organ culture in 3-5 days (Mendelson et al. 1986). Likewise, SP-B and SP-C 
mRNAs increased in lung explants from 21-day fetal rabbit (Boggaram & Margana 1992, 
Margana & Boggaram 1995). 

2.4  Regulation of SPs by glucocorticoid 

Liggins was the first to recognize, in 1969, that administration of dexamethasone to 
pregnant sheep accelerated fetal lung maturation (Liggins 1969). Glucocorticoids have 
since been extensively studied both in vivo and in vitro in different species. They have 
been shown to have a variety of effects on lung morphology, surfactant phospholipids as 
well as surfactant proteins. 

2.4.1  Effects of glucorticoids on SP expression in human and rabbit 
lung in vitro 

SP-A mRNA and protein levels were found to increase in human fetal lung explants from 
13-25 weeks’ gestation after 3-5 days of incubation with 10-10 M dexamethasone (Dx) 
(Ballard et al. 1986). In contrast, concentration-dependent downregulation of SP-A 
mRNA and protein caused by Dx was seen in human fetal lung at 8-24 gestational weeks, 
being evident after 24-48 hours in culture. At 10-11M no effect was seen in SP-A content, 
while at 10-6 M the effect was mostly inhibitory (Whitsett et al. 1987a). In explants from 
15-18 weeks of gestation, dexamethasone had a biphasic effect on SP-A and SP-A mRNA 
expression: at lower concentrations (10-10 and 10-9M) Dx increased the SP-A content and 
mRNA, while at elevated concentrations (10-8 to 10-6 M) the levels of immunoreactive 
SP-A protein (10-7 and 10-6 M) as well as SP-A mRNA (10-8-10-6 M) decreased after four 
days of incubation, although the inhibitory effect was evident after 24 hours (Odom et al. 
1988). In contrast, it was found that five days’ incubation with dexamethasone caused a 
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dose-dependent increase in SP-A transcription (Boggaram et al. 1989). In additional 
studies, the inhibitory effect of Dx was concluded to be due to the decreased half-life of 
SP-A mRNA, while the upregulative effect was due to enhanced SP-A gene transcription 
(Boggaram et al. 1991). Also, a time-dependent biphasic effect of Dx on SP-A expression 
was found in cultured human fetal lung, the maximal induction of SP-A mRNA was seen 
after 30-55 hours in culture at a concentration of 10-9 M, and inhibition was evident after 
76 hours of exposure (Liley et al. 1988). Cycloheximide, an inhibitor of protein 
synthesis, decreased the level of SP-A mRNA, and the Dx-induced inhibition of SP-A 
was blocked by cyclohedimide (9 h with Dx + cyclohedimide), indicating that a labile 
protein is needed for the stabilization of SP-A mRNA or the basal transcription of the SP-
A gene. Also, the half-life of SP-A mRNA as well as the transcription of SP-A were 
decreased by Dx (Iannuzzi et al. 1993). In mid-trimester lung explants cultured for five 
days in control medium, ~65% of the SP-A transcripts were found to be SP-A1 and ~35% 
SP-A2, and Dx, when incubated together with cyclic AMP (cAMP), which alone 
upregulates SP-A (SP-A2), decreased especially the levels of SP-A2 mRNA transcripts, 
while SP-A1 mRNA transcripts were unaffected (McCormick & Mendelson 1994). 
Another study showed a decrease in the SP-A1/SP-A2 mRNA ratio by Dx at 10-7M, 
indicating a greater decrease in SP-A1 mRNA than in SP-A2 mRNA (Karinch et al. 
1998). Both the stimulation (Liley et al. 1988) and the inhibition (Iannuzzi et al. 1993) of 
SP-A by glucocorticoids were found to be reversible, indicating a receptor-mediated 
effect of glucocorticoid. 

In human fetal lung explants of 16-21 weeks’ gestation, Dx increased immunoreactive 
SP-B and SP-C after 1-2 days in culture compared to control tissue, while after 4-5 days 
in culture, there was no discernible difference in immunoreactivity between treated and 
untreated tissues. The mRNA levels of SP-B and SP-C were also found to increase after 
short incubation (24 hours) with 10-8M Dx (Whitsett et al. 1987b). Another group 
reported a similar rapid increase of SP-B and SP-C mRNA in explants from mid-trimester 
by Dx (10-8M). The upregulation was seen after 10 hours, was maximal after 30 hours of 
incubation, and remained elevated even after prolonged incubation (5 days) (Liley et al. 
1989). Similarly, 10-9 M Dx increased both SP-B mRNA and protein after 5 days in 
culture (Beers et al. 1995). Induction by Dx (10-7M) to a maximal level was found to be 
more rapid in SP-B mRNA (≤12 hours) than in SP-C mRNA (~24 hours) (Venkatesh et 
al. 1993). Dx was found to increase the transcription of SP-B and SP-C, maximally after 
2 hours for SP-B and after 8 hours for SP-C (Venkatesh et al. 1993, Ballard et al. 1996). 
The stability of SP-B mRNA was increased by Dx, while the stability of SP-C mRNA 
was unchanged (Venkatesh et al. 1993). Cycloheximide did not change the basal levels of 
SP-B or SP-C, but the Dx-induced SP-C mRNA (Venkatesh et al. 1993) and the increased 
transcription rate of the SP-C gene (Ballard et al. 1996) were markedly decreased by 
cycloheximide. These results indicated that a labile transcription factor is needed in 
glucocorticoid induction of SP-C (Ballard et al. 1996). 
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Table 1. Summary of the effects of dexamethasone (Dx) on surfactant protein expression 
in human fetal lung. The figures shown indicate molar concentrations of Dx and the 
arrows show the direction of the effect. 

SP Reference Incubation 
time 

mRNA protein mRNA 
transcription 

mRNA half-
life 

SP-A Ballard et al 1986 
 

3-5 d 10-10 ↑ 10-10 ↑   

 Whitsett et al 1987a 1-2 d 10-11 ↔ 
10-6↓ 

10-11 ↔ 
10-6↓ 

  

 Odom et al 1988 
 

4 d 
1-4 d 

10-10 - 10-9 ↑ 
10-8 - 10-6 ↓ 

10-10 - 10-9 ↑ 
10-7 - 10-6 ↓ 

  

 Liley et al 1988 
 

30-55 h 
76 h 

10-9 ↑ 
10-9 ↓ 

   

 Boggaram et al 1989 
&1991 

 
5 d 

   
10-10 - 10-7 ↑ 

10-7 ↓ 

 Iannuzzi et al 1993    10-7 ↓ 10-7 ↓ 
       
SP-B Whisett et al 1987b 1-2 d 

4-5 d 
10-8 ↑ 10-8 ↑ 

10-8 ↔ 
  

 Liley et al 1989 10 h–5 d 10-8 ↑    
 Venkatesh et al 1993 

 
 
max  
after ≤ 12 
8 h 

 
 
10-7 ↑ 

  
 
 
10-7 ↑ 

10-8 ↑ 

 Beers et al 1995  10-9 ↑ 10-9 ↑   
       
SP-C Whitsett et al 1987b 1-2 d 

4-5 d 
10-8 ↑ 10-8 ↑ 

10-8 ↔ 
  

 Liley et al 1989 10 h–5 d 10-8 ↑    
 Venkatesh et al 1993 

 
 
max  
after ~ 24 
8 h 

 
 
10-7 ↑ 

  
 
 
10-7 ↑ 

10-8 ↔ 

In explants from fetal rabbit lung (21-day), cortisol (10-7M) treatment caused 
upregulation of SP-A protein after 3-5 days and mRNA after 1-3 days in culture 
(Mendelson et al. 1986). In contrast, cortisol (10-7M) was found to decrease SP-A mRNA 
at the same gestational age after 6-24 hours of incubation. The rate of transcription of SP-
A mRNA was decreased after 12 hours incubation with Dx (10-7M), while after 24 hours 
no inhibition was apparent any longer, and after 48 hours of incubation the rate of 
transcription of SP-A mRNA was clearly increased (Boggaram & Mendelson 1988). SP-
A mRNA was increased in explants from 26-day-old fetal rabbits treated with Dx 10-10-
10-6M for 48 hours. There was also an increase, although not significant, in the rate of 
transcription. Dx at concentrations 10-10M, 10-9M and 10-6M increased the SP-A mRNA 
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levels in explants from 30-day-old fetal rabbits, without affecting the rate of transcription 
(Xu et al. 1995).  

Dose-dependent increases in SP-B and SP-C mRNA by Dx were seen in rabbit fetal 
(21-day) lung explants (maximal effect at 10-7M) (Boggaram & Margana 1992, Margana 
& Boggaram 1995). An exposure time of 24 hours caused maximal induction on SP-C, 
while after 96 hours the SP-C mRNA concentrations in Dx-treated and control tissues 
were similar (Boggaram & Margana 1992). Dx (10-7M) did not affect the transcription 
rate of SP-C mRNA after 24 hours, while after 48 hours the rate was reduced, whereas 
the SP-C mRNA half-life was increased due to Dx treatment after 24 hours of exposure 
(Boggaram & Margana 1994). In contrast, both the rate of transcription of SP-B mRNA 
and the half-life of SP-B mRNA were increased by Dx, even though the increase in the 
rate of transcription was significantly smaller than the effect of Dx on SP-B mRNA 
(Margana & Boggaram 1995). Dx-caused upregulation of SP-B and SP-C mRNAs was 
also seen in explants from 26-day rabbit fetal lung after one day of preincubation 
followed by two days with Dx at a concentration of 10-9-10-6M for SP-B and 10-10-10-6M 
for SP-C. Dx did not affect the rate of SP-B gene transcription, while the rate of SP-C 
transcription was significantly increased (~2-fold) by Dx (10-7M and 10-6M). In explants 
from 30-day fetal rabbit lung, SP-B mRNA was increased by Dx (10-7M and 10-6M) after 
2 days of exposure, while SP-C mRNA was not affected by Dx treatment. The rate of 
transcription of both genes was unchanged by Dx when compared to control tissue (Xu & 
Possmayer 1993, Xu et al. 1995). 

Table 2. Summary of corticosteroid effects in rabbit fetal lung at different gestational 
ages (Mendelson et al. 1986, Boggaram & Mendelson 1988, Boggaram & Margana 
1992, Xu & Possmayer 1993, Boggaram & Margana 1994, Xu et al. 1995, Margana & 
Boggaram 1995). The figures indicate the molar concentrations of steroid and the arrows 
show the direction of the effect. 

SP GA 
(glucocorticoid) 

Incubation 
time 

mRNA protein mRNA 
transcription 

mRNA 
half-life 

SP-A 21 day (cortisol) 
 

6-24 h 
1-3 d 
3-5 d 

10-7 ↓ 
10-7 ↑ 

 
 
10-7 ↑ 

10-7 ↓ ↔ (Dx) 
10-7 ↔ ↑ (Dx) 

 

 26 day (Dx) 2 d 10-10-10-6 ↑  10-6 (↑)  
 30 day (Dx) 

 
2 d 10-10-10-9, 10-6 ↑; 10-

8, 10-7 ↔ 
 ↔  

       
SP-B 21-day (Dx) 3 d max 10-7 ↑  10-7 ↑ 10-7 ↑ 
 26-day (Dx) 2 d 10-9-10-6 ↑  10-10-10-6 ↔  
 30-day (Dx) 2 d 10-7-10-6 ↑  10-10-10-6 ↔  
       
SP-C 21-day (Dx) 

 
24 h- 
48 h 

max 10-7-10-6 ↑  10-7 ↔ 
10-7 ↓ 

10-7 ↑ 

 26-day 2 d 10-10-10-6 ↑  10-6 ↑  
 30-day 2 d 10-10-10-6 ↔  ↔  
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2.4.2  Glucocorticoids in vivo in rabbit and lamb lung 

Subcutaneous administration of betamethasone to pregnant rabbits on day 26 of gestation, 
24 hours before sacrifice, caused maturation of the fetal lung: the incorporation of choline 
into total or disaturated phosphatidylcholine was increased, as were also SP-A and SP-B 
mRNA, while SP-C mRNA was decreased (Connelly et al. 1991). In another study, 
maternal administration of betamethasone on days 25 and 26 of gestation (delivery on 
day 27) increased SP-A and SP-B mRNAs as well as the SP-A protein in fetal lung, while 
the SP-B and SP-C mRNA were also elevated in saline-injected controls, indicating 
maternal stress-induced upregulation (Durham et al. 1993). 

Lambs are widely used to study the effects of glucocorticoids on fetal lung maturation, 
and therefor reviewed here. Maternal intramuscular (i.m.) betamethasone, when given 
from day 104 of gestation (term 150 days) in repetitive doses up to four doses at seven 
days’ intervals (delivery on day 125), resulted in the best improvement of lung function 
after an increased number of doses. The greatest decrease in birth weights was also seen 
after multiple doses (Ikegami et al. 1997a). A similar effect was seen when maternal 
betamethasone was given later in pregnancy (Jobe et al. 1998). The content of saturated 
phosphatidylcholine increased in fetal lung tissue and lavage fluid after repetitive 
maternal doses, while after short exposure (48 hours), the Sat PC content was unchanged. 
The SP-A and SP-B contents in lung tissue and lavage fluid also increased after two or 
more betamethasone doses. Short-term (48 hours) betamethasone treatment did not affect 
the SP-A content, while SP-B increased in lung tissue (Ballard et al. 1997). SP-A, SP-B 
and SP-C mRNAs in lung tissue increased in response to 48 hours of maternal i.m. 
betamethasone, while intra-amniotic betamethasone increased only SP-A and SP-B 
mRNAs. Repetitive maternal i.m. administration did not increase SP-A, SP-B, or SP-C 
mRNAs before four weekly doses were given (Tan et al. 1999). 

In lambs, a single intramuscular dose of fetal betamethasone was found to improve 
postnatal lung function when injected 24-48 hours before delivery on day 121, 128, or 
135 of gestation (Jobe et al. 1993, Ikegami et al. 1995). Lung function was not further 
improved if the fetuses received two doses, one a week before delivery and another 24 
hours before delivery (Polk et al. 1997). No improvement in lung function was seen after 
a single fetal dose on day 104 (delivery on day 125), while after three fetal doses, the 
improvements in postnatal lung function were similar in magnitude to a single maternal 
dose. Growth retardation was not evident even after repetitive fetal doses (Jobe et al. 
1998). Direct fetal i.m. injection of betamethasone 15 hours before delivery on day 123 
increased SP-B and SP-C mRNA, but not SP-A mRNA (Tan et al. 1999).  

2.4.3  Glucocorticoid therapy 

Synthetic glucocorticoids are administered routinely to pregnant woman with imminent 
preterm delivery, to mature the fetal lung and decrease the incidence of RDS. Large meta-
analyses of clinical trials have shown the benefits of antenatal corticosteroid treatment: 
the treatment was shown to cause a 50% reduction in the incidence of RDS (Crowley 
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1995, Crowley 2000). Periventricular hemorrhage and necrotizing enterocolitis also 
decreased, while no effect on the incidence of BPD or patent ductus arteriosus was seen. 

2.5  Acute inflammatory response in lung 

The innate immune system protects lung from foreign and possibly pathogenic 
microorganisms, such as bacteria, viruses, fungi and yeasts, that infiltrate the lung with 
every breath. The innate immune system is different from the acquired (adaptive) 
immune system, in which T and B lymphocytes are subsequently activated in response to 
specific antigens (Bals et al. 1999). The innate defence is immediate, while the adaptive 
response is delayed (Medzhitov & Janeway, Jr. 2000). Before coming into contact with 
the alveolar lining layer, most invading microorganisms are removed by mucociliary 
clearance (mechanical defense) (Knowles & Boucher 2002). 

The organisms that reach the alveolar compartment via the airways first contact the 
pulmonary epithelium and the resident phagocytes (most notably alveolar macrophages). 
Phagocytes as well as lung epithelial cells release cytokines and chemokines to call other 
inflammatory cells for help. These cells initiate and coordinate the host response to 
infection, including adaptive immunity (Bals et al. 1999, Medzhitov & Janeway, Jr. 2000, 
McCormack & Whitsett 2002). Pathogens can also spread to the lung through blood, in 
which case they first contact the epithelium and the alveolar-capillary membrane immune 
and non-immune cells (Strieter et al. 2002). Apart from cells, the lung’s first-line defense 
system consists of a number of secreted proteins and peptides, which directly kill or 
inhibit pathogens or modulate the inflammatory response. These antimicrobial agents 
include lysozyme, lactoferrin, neutrophil and epithelial defensins, cathelicidins, and 
secretory leukoprotease inhibitor (SLPI) (Ganz 2002). Lung collectins (SP-A and SP-D) 
are also actively involved in the lung first-line defense system. Figure 3 represents 
schematically the innate host defense of lung. 
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Fig. 3. Schematic presentation of the lung innate immune system 

2.5.1  Lung collectins in innate immunity  

C-type mammalian lectins or collectins make up a family of innate immune molecules. 
They all share a similar structure, see 1.1.3. Besides SP-A and SP-D, the collectin family 
includes the serum protein mannan-binding lectin (MBL), which activates the serum 
complement, and two bovine serum collectins, CL-43 and conglutinin (Lawson & Reid 
2000). 

SP-A and SP-D have numerous roles in the lung first-line defense system. These two 
lung collectins share many properties in pulmonary host defense, although SP-A and SP-
D also have distinct roles. Both can bind to a variety of pathogens, including bacteria, 
viruses, fungi and yeasts, as well as lipopolysaccharides and allergens (Vaandrager & van 
Golde 2000). These binding properties of lung collectins may be sufficient to cause 
pathogen neutralization and/or clearing by leukocytes (Vaandrager & van Golde 2000). 
SP-A and SP-D act as opsonins, enhance microbial aggregation and clearance (Lawson & 
Reid 2000, McCormack & Whitsett 2002). They can modulate the production of reactive 
oxygen and nitrogen species (Crouch & Wright 2001). Both lung collectins are also 
known to inhibit the proinflammatory cytokine production caused by certain pathogens 
and thereby have an anti-inflammatory role in an excessive immune response 
(Vaandrager & van Golde 2000). In vitro data have also shown increased inflammatory 
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cytokine secretion (Kremlev & Phelps 1994). SP-A and SP-D have specific receptors in 
lung macrophages as well as in lung type II epithelial cells (Tenner 1999). By binding to 
receptors in lung inflammatory cells, they can enhance phagocytosis and chemotaxis and 
stimulate the respiratory burst (Vaandrager & van Golde 2000, Lawson & Reid 2000). 
Type II cell binding has been proposed to have roles in micro-organism internalization, 
the production of reactive oxygen species and metalloproteinase as well as cytokine 
production, which is needed for leukocyte recruitment (McCormack & Whitsett 2002).  

Deficiency of lung collectins in transgenic mice has been shown to result in an 
increased susceptibility to pathogens. SP-A and SP-D differ from each other in their host 
responses against different pathogens. SP-D deficiency results in susceptibility to viral 
infections, whereas SP-A(-/-) mice are susceptible to Streptococcus Group B and 
respiratory syncytial virus infections, for example. In general, both SP-A(-/-) and SP-D(-/-) 
mice have defects in pathogen clearance and phagocytosis and show increased 
accumulation of proinflammatory cytokines and inflammatory cells in their lungs. 
Oxygen radical production was reduced in SP-A(-/-) compared to SP-A(+/+) mice, which 
confirms the role of SP-A in bacterial killing-associated oxygen radical production. On 
the contrary, SP-D(-/-) mice showed increased production of oxygen radicals after a 
bacterial challenge. (LeVine & Whitsett 2001) 

2.5.2  Innate recognition of microbial structures 

The host recognizes conserved structures of microbial pathogens (pathogen-associated 
molecular patterns [PAMPs]), e.g. the lipopolysaccharide (LPS, synonymous to 
endotoxin) of Gram-negative bacteria, the lipoteichoic acids (LTA) of Gram-positive 
bacteria, and viral double-stranded RNA. The host’s pattern recognition receptors (PRRs) 
detect these molecules. These receptors can be classified as secreted, endocytic, and 
signalling receptors (Medzhitov & Janeway, Jr. 2000, Strieter et al. 2002). Secreted PRRs 
act as opsonins, marking microbes for recognition by the complement system and 
phagocytes. Endocytic PRRs are located on the surface of phagocytes, where they 
mediate the pathogen uptake and transfer to lysosomes (Medzhitov & Janeway, Jr. 2000). 
The signaling receptors are coupled to the signal transduction pathways that control the 
expression of immune-response genes, e.g. proinflammatory cytokines (Kopp & 
Medzhitov 1999, Strieter et al. 2002). 

The most widely investigated and well-known signaling pathway today is the LPS-
activated Toll-like receptor-4 (TLR-4)/Nuclear Factor-κB (NF-κB) pathway. 
Transcription factor NF-κB is a critical intracellular mediator of the inflammatory 
cascade. The human Toll-like receptor, a homologue of the Drosophila toll protein, which 
was known to induce the innate immune response in adult Drosophila, was first described 
in 1997 by Medzhitov et al (Medzhitov et al. 1997). This TLR, TLR-4, was shown to 
have a cytoplasmic domain similar to the interleukin-1 (IL-1) receptor (IL-1R) and to 
activate the NF-κB pathway as well as to induce the expression of the NF-κB-controlled 
proinflammatory cytokines IL-1, IL-6, and IL-8 (Medzhitov et al. 1997). TLR-4 
recognizes LPS (Hoshino et al. 1999, Chow et al. 1999) and is present in many immune 
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cells, such as macrophages, dendritic cells, and B-cells (Medzhitov & Janeway, Jr. 2000). 
Increasing evidence suggests that TLR-4 is also expressed by endothelial and epithelial 
cells, including lung epithelium (Arbour et al. 2000). Before LPS is capable of binding to 
TLR-4, it interacts with a serum protein, LPS-binding protein (LBP), which transfers LPS 
to CD-14, a membrane-anchored protein which, together with TLR, mediates LPS-
induced NF-κB activation (Schumann et al. 1990, Wright et al. 1990, Schletter et al. 
1995). MD-2, which associates with TLR-4, is also needed for a LPS response (Shimazu 
et al. 1999). The intracellular pathway leading to NF-κB activation by LPS is similar with 
IL-1 and partly similar to that with tumor necrosis factor (TNF) (Strieter et al. 2002). 
Figure 4 shows the NF-κB signal transduction pathway as induced by LPS, IL-1, and 
TNF. 

The recognition of PAMPs by PRRs initiates the innate immune system, most notably 
by triggering the activation of “early-response” cytokines. These cytokines mediate the 
inflammatory cascade further by upregulating genes of other inflammatory mediators 
(Dinarello 2000, Strieter et al. 2002) (Figure 3). 

Fig. 4. NF-κB pathway induced by LPS, IL-1, and TNF-α, modified from (Strieter et al. 2002). 
Abbreviations: TNFR1, TNF receptor 1; TRADD, TNFR1-associated death domain; RIP, 
receptor-interacting protein; TRAF2, TNF receptor-associated factor2; IL-1R1, IL-1 
receptor-1; LBP, LPS binding protein; TLR-4, toll-like receptor-4; Myd88; myeloid 
differentiation factor 88; IRAK-1, IL-1 receptor-associated kinase; TRAF6, TNF receptor-
associated factor6; NIK, NF-κB-inducing kinase; IKK, IκB kinase complex. 
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2.5.3  Cytokines in inflammation 

Cytokines are soluble, small peptides that act as humoral regulators under either normal 
or pathologic conditions, i.e. inflammation (Haddad 2002a). Proinflammatory cytokines 
(e.g. IL-1α/β and TNF-α) promote inflammation, while anti-inflammatory cytokines (e.g. 
IL-10, TGF-β, IL-4) suppress the activity of proinflammatory cytokines. Some cytokines 
have both proinflammatory and anti-inflammatory properties (pleiotropic cytokines). 
Chemokines (chemotactic cytokines), for example IL-8, are also proinflammatory 
(Dinarello 2000). Cytokines act in a complex network, where one cytokine can influence 
the production of, and response to, many other cytokines (Haddad 2002a).  

IL-1 and TNF-α, produced in very large quantities by activated 
macrophages/monocytes, are two of the most important “early-response” cytokines, 
induced most notably via the TLR signaling pathway (Strieter et al. 2002). Apart from 
initiating the cytokine cascade, these cytokines are needed for subsequent leukocyte 
recruitment through upregulating the expression of adhesion molecules. Additionally, IL-
1 and TNF-α activate the production of chemokines directly or via the cytokine network 
induced by them. Chemokines induce the transendothelial migration of leukocytes as well 
as the recruitment and localization of leukocytes to the site of inflammation (Lukacs & 
Ward 1998) (Figure 3). Apart from contributing to leukocyte recruitment, cytokines have 
roles in the recognition of pathogens, in the removal of invading micro-organisms as well 
as in the transition to adaptive immunity (Strieter et al. 2002). 

2.5.3.1  IL-1 

There are two IL-1 polypeptides, IL-1α and IL-1β, which are coded by distinct genes. 
The 17 kDa final form of both molecules is processed from a 30 kDa precursor 
(Guidebook to cytokines and their receptors 1997). IL-1α is mostly membrane-
associated, and IL-1β is secreted (Strieter et al. 2002). 

Both IL-1α and IL-1β bind to the same receptor, IL-1 receptor-1 (IL-1 R1), in the cell 
surface and elicit the same biological functions (Auron 1998). By binding to IL-1R1, IL-
1 activates signal transduction pathways, including the NF-κB (Figure 4), p38/mitogen-
activated protein kinase (MAPK), and Jun N-terminal kinase (JNK) pathways (O'Neill 
2000). IL-1R1 is a member of the IL-1 receptor/toll-like receptor (IL-1R/TLR) 
superfamily, which also includes IL-18 receptor and TLR-4. The above-mentioned 
signaling pathways are common to these members of the IL-1/TLR superfamily (O'Neill 
2000). IL-1R1 is present in almost every immune and non-immune cell, which is why IL-
1 can further amplify the LPS response even where TLR-4 is not expressed (Strieter et al. 
2002).  

The IL-1 receptor antagonist (IL-1Ra) is also included in the IL-1 family. IL-1Ra is an 
inhibitor of IL-1 binding. The balance between this antagonist and the IL-1 agonists (IL-1 
α and β) regulates the inflammatory challenge (Strieter et al. 2002). The IL-1 type II 
receptor (IL-1R2) also acts as an inhibitor of IL-1, while binding of IL-1 to IL-1R2 does 
not transduce a signal (Colotta et al. 1993). 
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2.5.3.2  TNF 

TNF-α is a 157 amino acid polypeptide (Mr=17 kDa), which under native conditions is 
present as a 45-55 kDa trimer. TNF-β, also known as lymphotoxin, is a 25 kDa 
glycoprotein produced by lymphocytes. Both TNFs bind to two receptors, TNF-R1 
(Mr=55-60 kDa) and TNF-R2 (Mr=75-80 kDa) (Guidebook to cytokines and their 
receptors 1997). TNF-α is produced primarily by mononuclear phagocytes and has 
variable roles in the innate immunity system (Strieter et al. 2002). 

TNF-R1 is a dominant signaling receptor (Goeddel 1999) that initiates the majority of 
TNF-α’s biological activities (Chen & Goeddel 2002). Similarly to LPS and IL-1, TNF-α 
activates a signal pathway leading to the activation of NF-κB and thereby enhances the 
transcription of genes mediating innate immunity responses (Strieter et al. 2002) (Figure 
3 and 4). Besides activating the NF-κB pathway, the binding of TNF-α to TNF-R1 
initiates downstream events leading to JNK activation and apoptosis (Chen & Goeddel 
2002). Recent evidence suggests that there is TNF-α-induced activation of NF-κB in 
alveolar epithelial cells in association with increased production of TNF-α, IL-1β, IL-6, 
and IL-10 (Haddad 2002b).  

2.5.3.3  Th1 and Th2 cytokines 

The Th1 and Th2 cytokines were originally named by two murine T-helper cell (TH cell) 
clones, T-helper 1 (TH1) clone and T-helper 2 (TH2) clone, on the basis of their ability to 
produce different cytokines (Mosmann et al. 1986). Other cells also express these 
cytokines (Bradding et al. 1992), which is why the classification of Th1 cytokines (type 1 
cytokines) and Th2 cytokines (type 2 cytokines) also includes cytokines produced by 
other than T-helper cells (Table 1) (Jones et al. 1997, Strieter et al. 2002). 

Adaptive immunity can be distinguished to humoral and cellular immunity. Humoral 
immunity is ruled by B lymphocytes and cellular immunity by T lymphocytes. T-helper 
cells are subsets of T-cells, which are needed for activation of macrophages (TH1) and B-
cells (TH2) (Janeway CA Jr et al. 1999). Th1 and Th2 cytokines have roles in transition to 
adaptive immune system. Th1 cytokines are involved in cellular immunity, the activation 
of macrophages and neutrophils, as well as the augmentation of phagocyte-dependent 
functions. Th2 cytokines augment humoral immunity and antibody production from B-
cells and inhibit several innate immunity functions (Strieter et al. 2002). Interferon-γ 
(IFN-γ) induces TH1 cell differentiation, while IL-4 and IL-10 promote TH2 cell 
differentiation and suppress TH1 cell differentiation (Strieter et al. 2002).  
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Table 3. Th-1 and Th-2 cytokines (Jones et al. 1997, Fort et al. 2001, Barnes 2001, 
Strieter et al. 2002). 

Th 1 cytokines Th 2 cytokines 
IL-2 IL-4 
IL-12 IL-5 
IL-18 IL-6 
TNF-β IL-9 
IFN-γ IL-10 

 IL-13 
 IL-25 

2.5.3.4  IFN-γ 

IFN-γ is distinct from IFN-α and IFN-β, which are known as anti-viral interferons. IFN-γ 
is a 20-25 kDa glycoprotein secreted by T-cells and natural killer (NK) cells (Guidebook 
to cytokines and their receptors 1997) after induction by IL-18 and IL-12 (Strieter et al. 
2002). It has a number of roles in the immune system: it is required for full development 
of innate immunity, for transition from innate to adaptive immunity and for regulating the 
adaptive immune response to cellular immunity (Strieter et al. 2002). Despite its various 
roles, IFN-γ appears mainly after the induction of the adaptive immune response 
(Guidebook to cytokines and their receptors 1997, Janeway CA Jr et al. 1999). IFN-γ, as 
a TH1 cytokine, is a potent activator of macrophages, which in turn produce oxygen 
radicals, nitric oxide as well as antimicrobial peptides and proteases. Macrophage 
activation is crucial for killing the intracellular and ingested bacteria (Janeway CA Jr et 
al. 1999). Additionally, IFN-γ induces adhesion molecules and chemokines promoting 
leukocyte recruitment and increases the expression of MHC I and II molecules (Strieter et 
al. 2002). MHC I and II are surface molecules of antigen-presenting cells and form 
complexes with microbial peptides recognizable by T-cells (Medzhitov & Janeway, Jr. 
2000)  

2.6  Effect of cytokines on SP expresssion 

Many cytokines have been found to affect the expression of surfactant proteins and lung 
function. They have been studied to clarify the pathophysiology of lung diseases 
characterized by inflammation, such as CLD and acute RDS (ARDS). 
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2.6.1  IL-1 

SP-A mRNA was upregulated by IL-1α in lung explants from 22 gestational day fetal 
rabbits after three days in culture. SP-B mRNA, in contrast, was unaffected by the 
treatment (Dhar et al. 1997). 

In human fetal mid-gestation type II cells, IL-1α and β increased the expression of SP-
A after three days of incubation. The expression was additively upregulated by IL-1 and 
cyclic AMP (cAMP). The mechanism underlying IL-1-induced upregulation of SP-A was 
also studied, and NF-κB and thyroid transcription factor-1 (TTF-1), acting cooperatively 
through binding to the TTF-1-binding element (TBE), were suggested to have a role (see 
in detail 2.6.4.2) (Islam & Mendelson 2002). The effect of IL-1 on SP-C expression has 
not been studied in vitro. 

2.6.2  TNF-α  

TNF-α decreased the SP-A and SP-B mRNA and protein in a human pulmonary 
adenocarcinoma cell line (H441) (Wispe et al. 1990, Whitsett et al. 1992), which 
expresses SP-A and SP-B (O'Reilly et al. 1988) and is thought to be of Clara cell origin. 
TNF-α inhibited the transcription of the SP-A gene, but did not alter the transcription of 
SP-B. The postranscriptional events (changes in the stability of mRNA), on the other 
hand, appeared to be involved in the inhibitory effect of TNF-α on both the SP-A and the 
SP-B proteins (Whitsett et al. 1992). Cis-active elements located in the 3’-untranslated 
region of SP-B mRNA were found to be necessary for destabilization of SP-B mRNA by 
TNF-α (Pryhuber et al. 1994). SP-B mRNA also decreased in adult mice after 
intratracheal instillation of TNF-α (Pryhuber et al. 1996). In human fetal lung explants 
from 18-24 weeks of gestation, after 4 days preincubation followed by 24 hours exposure 
to TNF-α, no significant effect was seen on SP-A or SP-B mRNAs (Karinch et al. 1998). 

More exact studies of the transcriptional mechanism mediating the inhibitory effects 
of TNF-α on SP-B mRNA expression showed that the downregulation of SP-B mRNA by 
TNF-α is independent of NF-κB in H441 cells (Pryhuber et al. 1998, Berhane et al. 
2000). The promoter activity of SP-B was, however, decreased by TNF-α, and it was 
shown that the decreased binding activities of the transcription factors TTF-1 and HNF-3 
(hepatocyte nuclear factor-3) mediate the TNF-α inhibition of the SP-B promoter 
(Berhane et al. 2000). The TNF-α-inhibited SP-A mRNA expression was also 
independent on NF-κB (Pryhuber et al. 1998). Recent evidence suggests involvement of 
the p38 MAPK signal transduction pathway in the downregulation of SP-A by TNF-α 
(Miakotina & Snyder 2002). 

SP-C mRNA was downregulated after intratracheal administration of TNF-α to adult 
mice (Bachurski et al. 1995, Pryhuber et al. 1996). In murine pulmonary epithelial cells, 
TNF-α inhibited the transcription of the mouse SP-C gene as well as the human SP-C 
promoter-driven transgene (Bachurski et al. 1995). 
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2.6.3  IFN-γ 

In human pulmonary adenocarcinoma cells, IFN-γ increased SP-A (Wispe et al. 1990). In 
human fetal (second trimester) lung explants, IFN-γ increased SP-A mRNA (~2.7-fold) 
after 1 and 3 days in culture and SP-A protein ~3-fold after 3 days in culture compared to 
control explants. Incubation for 3 days with IFN-γ and dexamethasone increased the SP-
A content 10-fold. IFN-γ did not affect the SP-B or -C mRNAs or the surfactant 
phospholipids (Ballard et al. 1990). In another experiment, SP-A mRNA increased (2.26-
fold) in human fetal (18-24 week gestation) lung explants after 4 days of preincubation 
followed by 24 hours’ exposure to IFN-γ, and no difference was seen in the SP-A1/SP-A2 
ratio after IFN-γ when compared to the corresponding ratio in control explants. SP-B 
mRNA was unaffected (Karinch et al. 1998). 

2.6.4  Other factors 

The secondary cytokine cascade involves a number of growth factors, which are not 
traditionally considered to be proinflammatory. The effects of different growth factors on 
lung surfactant have been studied. Epidermal growth factor (EGF) has been shown to 
stimulate the expression of surfactant proteins and lipids as well as morphological lung 
development in vitro and in vivo (Bry et al. 1996). In contrast, transforming growth 
factor-β (TGF-β) downregulated the expression of SP-A mRNA and SP-A protein and 
blocked the EGF effect on SP-A in human fetal lung explants (Whitsett et al. 1987c). 
Vascular endothelial growth factor (VEGF) given intra-amniotically to pregnant mice or 
intratracheally to preterm pups improved lung aeration and increased phosphatidylcholine 
production in preterm neonates (Compernolle et al. 2002). 

2.6.5  Candidate transcription factors for SP-A regulation by IL-1 

Human SP-A is coded by two distinct genes, SP-A1 and SP-A2 (Katyal et al. 1992). 
Baboon also has two SP-A genes (Gao et al. 1996), in contrast to the one SP-A gene in 
rabbit (Boggaram et al. 1988), mouse (Korfhagen et al. 1992), and rat (Fisher et al. 
1988). In human, baboon, and rabbit, the SP-A gene of 400 bp of the 5’ flanking region 
contains response elements which have been shown to regulate the basal and cAMP-
induced expression of SP-A (Mendelson 2000). The mechanism of IL-1-increased 
upregulation of SP-A is unknown, however. In this review, the transcription factors 
hypothesized to be involved in the IL-1 regulation of SP-A will be introduced. 
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2.6.5.1  Thyroid Transcription Factor-1 (TTF-1) 

TTF-1 is expressed in thyroid and lung epithelium and in specific regions within the 
diencephalon of the brain (Lazzaro et al. 1991). TBE in DNA binds TTF-1. TTF-1 
regulates the basal expression of SP-A (Bruno et al. 1995, Li et al. 1998b), SP-B 
(Bohinski et al. 1994), and SP-C (Kelly et al. 1996). There is also evidence that the 
cAMP-increased SP-A expression is mediated trough TTF-1 (Li et al. 1998a). Recent 
findings further suggest a role for TTF-1 in the IL-1 regulation of SP-A (see 2.6.4.2) 
(Islam & Mendelson 2002). Besides, in the regulation of surfactant proteins, TTF-1 is 
critical for lung morphogenesis (Mendelson 2000). 

2.6.5.2  Nuclear factor-κB (NF-κB) 

The NF-κB/Rel family of proteins contains five members: p65 (RelA), RelB, c-Rel, p50, 
and p52, which make up homodimers and heterodimers with each other and with other 
transcription factors. The most common dimer is p65/p50, which is usually referred to as 
NF-κB. In quiescent cells, NF-κB is bound to inhibitors (IκB) and located in the 
cytoplasm. When an appropriate inducer, such as LPS or IL-1, affects the cell, IκBs are 
degraded, allowing nuclear uptake of NF-κB (Figure 4). (Ghosh et al. 1998) 

It was recently reported by Islam et al that the baboon SP-A2 gene contains a TBE-
overlapping reverse-oriented binding site for NF-κB. The nuclear proteins isolated from 
human fetal II type cells, in which IL-1 increased SP-A, bound to the NF-κB consensus 
oligonucleotide in electrophoretic mobility shift assay (EMSA), and the binding activity 
was increased by IL-1α and β and decreased by pyrrolidine dithiocarbamate (PDTC), 
which is an antioxidant inhibitor of NF-κB. It was also found that antibodies to p50 and 
p65 could not interact with TBE in the absence of type II cell nuclear proteins, and it was 
suggested that the NF-κB proteins p50 and p65 are components, together with TTF-1, of 
the complex of type II cell nuclear proteins binding to TBE. The NF-κB subunit p65 was 
found to directly interact with itself and with p50 and also with TTF-1. (Islam & 
Mendelson 2002) 

A549 cells are human lung carcinoma cells (Giard et al. 1973), which are originally 
derived from type II cells. That cell line was used to study further the functional 
interaction of NF-κB proteins with TTF-1 at the TBE in the regulation of SP-A promoter 
activity. p50 or p65 alone was found to have only a slight inductive effect on bSP-A 
promoter activity in transfected A549 cells, although TTF-1 increased the promoter 
activity 3-fold. TTF-1 and the NF-κB proteins (p50 and p65) together had an additive 
inductive effect on SP-A promoter activity. IL-1 enhanced bSP-A promoter activity even 
further. (Islam & Mendelson 2002) 
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2.6.5.3  C/EBP transcription factor family 

The CCAAT enhancer binding protein (C/EBP) family has six members (C/EBPα, β, γ, δ, 
ε and ζ), which all bind to the same consensus sequence. All isoforms have a conserved 
region at the carboxy terminus, containing the bZIP domain. The bZIP domain consists of 
a DNA-binding domain and a leucine zipper motif, which is needed for dimerization. The 
activation domains responsible for transcriptional activation and/or repression are located 
in the N-termini. The C/EBP transcription factors have roles in a number of general 
processes, including the regulation of cellular growth, differentiation, immune and 
inflammatory processes, and metabolism. (Lekstrom-Himes & Xanthopoulos 1998, 
Ramji & Foka 2002)  

C/EBP α, β, and δ have been detected in lung (Cao et al. 1991, Li et al. 1995, Breed et 
al. 1997). C/EBP β and δ were detectable in human fetal lung at 19 weeks of gestation 
(Rosenberg et al. 2002). C/EBPδ mRNA can be detected in fetal rabbit lung at day 19 of 
gestation; it increases ~3-fold by day 22 and reaches maximal levels by day 28 of 
gestation, coincident with the time when SP-A gene transcription reaches its maximum 
(Breed et al. 1997). Also in rat lung, C/EBP α, β, and δ increased toward the end of 
gestation, peaked at birth, and decreased after birth (Rosenberg et al. 2002). In adult rat 
lung, all of these three C/EBPs were localized in type II cells (Rosenberg et al. 2002). In 
human fetal type II cells (21-week gestation) and in H441 cells, added decoy consensus 
C/EBP-RE (C/EBP response element) inhibited SP-A mRNA expression, indicating that 
one or more C/EBPs stimulate the expression of SP-A genes in these cells (Rosenberg et 
al. 2002). 

2.6.5.4  C/EBPδ 

In mouse, C/EBPδ is expressed in larger amounts in lung than in other organs (Cao et al. 
1991). C/EBPδ mRNA was detected in H441 cells, which express SP-A, as well as in 
human fetal type II cells (5-fold amount compared to H441 cells). In contrast, A549 cells, 
which do not express SP-A, showed no detectable level of C/EBPδ mRNA (Matlapudi et 
al. 2002). Treatment of H441 cells with an antisense oligonucleotide, which overlaps the 
translational start of C/EBPδ mRNA, reduced the expression of C/EBPδ mRNA and 
protein as well as SP-A mRNA (Matlapudi et al. 2002).  

In mid-gestational human fetal lung explants, Dx increased the C/EBPδ protein on 
days 1-5 of incubation dose-dependently, most effectively after one day in culture. In 
immunohistochemical studies, C/EBPδ was localized to the nuclei of the cells lining the 
alveolar ducts after 12-24 hours of incubation. No differences in immunoreactive C/EBPδ 
were seen between control and dexamethasone-treated explants (Breed et al. 1997). 

A transcriptional silencer (between the base pairs -195 and -163), which co-localized 
with C/EBP-RE, was found in the rat SP-A gene promoter region. Upon co-transfection 
of a C/EBPδ-expressing construct into the H441 cells, along with a SP-A/CAT construct 
containing the -195 - -163 region, silencing was no longer apparent (Rosenberg et al. 
2002). 
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2.7  Intrauterine infection 

40-50% of preterm births are spontaneous, 25-40% results from premature rupture of 
membranes (PROM), and 20-25% are elective preterm deliveries (Goldenberg 2002). The 
most common cause of PROM is infection, which may be a clinical or subclinical 
intrauterine infection (IUI) (Saji et al. 2000), and overstretching of the membranes and 
the uterus in multiple pregnancies. Infection is rare in spontaneous preterm deliveries 
between the weeks 34 and 36, but often present in preterm births before week 30 
(Goldenberg et al. 2000). In preterm labor with intact membranes, without evidence of 
clinical infection, pathogenic bacteria were seen in the amniotic fluid of approximately 
20% of the women, tested by transabdominal amniocentesis (Watts et al. 1992).  

In the uterus, bacterial infection may occur: 1) between maternal tissue and the fetal 
membranes, 2) within the fetal membranes (chorioamnionitis), 3) within the placenta, 4) 
within the amniotic fluid (intra-amniotic infection, amnionitis), or 5) within the umbilical 
cord (funitis) or 6) the fetus (Goldenberg et al. 2000). Intra-amniotic infection correlates 
strongly with chorioamnionitis (Romero et al. 1992c). 

IUI is most often caused by infection ascending from the vagina and the cervix. 
Hematogenous spreading through the placenta and iatrogenic microbial contamination 
during amniocentesis or chorionic villus sampling are other possible routes for bacterial 
entry into the uterus (Goldenberg et al. 2000). The most common bacteria in spontaneous 
preterm labor with intact membranes are Ureaplasma urealyticum, Mycoplasma hominis, 
Gardnerella vaginalis, peptostreptococci, and bacteroides species (Hillier et al. 1988, 
Gibbs et al. 1992, Krohn et al. 1995, Goldenberg et al. 2000). Ureaplasma urealyticum is 
the most common bacteria found both in PPROM (preterm PROM) and in preterm labor 
with intact membranes. The most often found bacteria in chorioamnionitis and fetal 
infection after PROM are group B streptococci and Escherichia coli (Goldenberg et al. 
2000). Chronic chorioamnionitis occurs in at least 50% of pregnancies of less than 30 
weeks’ duration (Jobe & Ikegami 2001). 

The mechanism of preterm birth in association with IUI or the inflammatory response 
syndrome has been investigated intensively. One hypothetical mechanism is as follows: 
LPS and other bacterial products induce the cells of the decidua and placenta to produce 
proinflammatory cytokines, such as IL-1, TNF-α, and IL-6. The infiltrating inflammatory 
cells (monocytes/macrophages) involved in infection produce cytokines as well (Saji et 
al. 2000). The concentrations of LPS (Gomez et al. 1995), IL-1 (Romero et al. 1992a), 
TNF-α (Romero et al. 1992b), and IL-6 (Romero et al. 1990) are elevated in amniotic 
fluid during IUI. Proinflammatory cytokines then increase the formation of chemokines, 
colony-stimulating factors, other cytokines, receptors, prostaglandins, and lytic enzymes, 
factors that are required for the initiation of labor (Gomez et al. 1995, Hallman 1999). 

2.7.1  IUI and neonatal pulmonary diseases  

Histologically diagnosed chorioamnionitis was shown to elevate the levels of pulmonary 
surfactant in amniotic fluid (Higuchi et al. 1992). The incidence of respiratory distress 
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syndrome (RDS) was lower in preterm infants exposed to chorioamnionitis [birth weight 
(BW) 1026 ± 253 g, gestational age (GA) 27.7 ± 2.1 wk)] than in those born without such 
exposure (BW 1232 ± 234 g, GA 29.9 ± 2.3 wk). The infants included in the study did not 
receive prenatal or postnatal glucocorticoid or exogenous surfactant (Watterberg et al. 
1996). On the other hand, the incidence of BPD was increased in the chorioamnionitis 
group. Chorioamnionitis was also associated with the presence of IL-1β in tracheal fluid 
on day 1 of intubation (Watterberg et al. 1996). Another study also showed a correlation 
with a decreased risk of RDS in infants exposed to chorioamnionitis (Shimoya et al. 
2000). Both infants who received (BW 1007 ± 361 g, GA 27.0 ± 2.8) or did not receive 
(BW 1090 ± 469 g, GA 28 ± 2.2) maternal steroid had significantly lower rate of RDS. 
Elevated IL-6 concentrations in cord blood were associated with chorioamniotis and 
decreased incidence of RDS, and prenatal steroid treatment reduced IL-6 concentrations 
(Shimoya et al. 2000). The presence of Ureaplasma Urealyticum in the endotracheal 
aspirates of infants born before 28 weeks of gestational age correlated significantly with a 
decreased incidence of RDS and an increased incidence of CLD (chronic lung disease). 
The mean GA in this study was less than 26 weeks and birth weight ≤ 850 g (Hannaford 
et al. 1999). Antenatal exposure to pro-inflammatory cytokines, IL-1, TNF-α, IL-6, and 
IL-8, was also associated with an increased risk of BPD (GA ≤ 33 wk) (Yoon et al. 1997). 
Contradictorry data have also been reported: the incidence of RDS was increased among 
very low birth weight infants with chorioamnionitis (mean BW 1120 ± 245 g, GA 28.2 ± 
2.5) compared to those born without chorioamnionitis (mean BW 1139 ± 250 g, GA 28.9 
± 2.8), while no difference in the incidence of BPD was seen (Alexander et al. 1998). 
Elevated levels of TNF-α in amniotic fluid, positive amniotic fluid culture, and severe 
chorion/amnion inflammation associated with an increased incidence of RDS (Hitti et al. 
1997). 

Endotoxin given intra-amniotically (IA) to pregnant rabbits on day 25 of gestation 48 
hours before delivery increased fetal SP-A and -B mRNA as well as lung compliance and 
volume (Bry & Lappalainen 2001). Similarly, IA IL-1α on day 23 or 25 of gestation 
(delivery on day 27) increased the expression of SP-A and SP-B mRNA as well as the 
phospholipid content in fetal lung, but had no effect on SP-C mRNA. Lung compliance 
and the postventilatory expansion of lungs were also improved. IA IL-ra had no effect on 
the expression of SP-A, -B or -C (Bry et al. 1997). 

Lung-improving effects of IA endotoxin and IL-1 have been seen in fetal lambs as 
well. IA endotoxin, given to pregnant lambs on day 119 of gestation, improved lung 
function and increased the surfactant pool size in fetuses delivered preterm (day 125). 
Ventilatory pressures lowered, lung compliance increased, and blood gas and pH values 
improved in lambs exposed to endotoxin. The lung SP-A, -B, -C, and -D mRNA levels as 
well as the protein content of SPs and the saturated phosphaditylcholine concentration in 
bronchoalveolar lavage fluid (BALF) increased (Jobe et al. 2000, Bachurski et al. 2001). 
In BALF of untreated fetuses, SP-B was found to be predominantly a partly processed 
protein (Mr = 25 kDa) on day 125 of gestation, while IA endotoxin induced the 
processing of the active mature dimer (Mr = 16 kDa) (Bachurski et al. 2001). The IA 
endotoxin caused rapidly (5 h) chorioamnionitis (infiltration of leukocytes to 
amnion/chorion and elevated levels of IL-1β, IL-6, and IL-8 mRNAs in amnion/chorion 
cells) to pregnant lambs. Fetal lung inflammation was also evident, but the systemic 
inflammatory response was not strong (Kallapur et al. 2001). When IA endotoxin 
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administration was compared with direct infusion of endotoxin into the trachea or 
stomach of lamb fetuses, similar lung-improving effects as well as an inflammatory 
response in amniotic fluid and fetal lung were seen (Newnham et al. 2002). The 
hypothesis of IA endotoxin affecting fetal lung directly without a systemic mechanism 
was further studied by isolating amniotic fluid from the fetal respiratory system. IA 
endotoxin did not cause a lung inflammatory response or lung-improving effects in 
fetuses with an isolated respiratory system, although direct intratracheal administration 
did. Isolation of the gastric system did not prevent pulmonary inflammation by IA 
endotoxin (Moss et al. 2002). In contrast to the effects of fetal intratracheal endotoxin, 
intratracheal endotoxin in preterm neonatal lambs also caused a systemic inflammatory 
response without any improved effect on lung function, with more pronounced effects in 
preterm (GA 130 days) than near-term (GA 141 days) animals (Kramer et al. 2002).  

Intra-amniotic injection of IL-1α to pregnant lambs on 126 days of gestation 
(delivered 48 hours later) improved postnatal lung function and increased the saturated 
phosphaditylcholine pool size (Emerson et al. 1997). Lambs delivered on day 125 of 
gestation, after 7 days’ exposure to IA IL-1α, had increased expression of SP-A, -B, -C, 
and -D mRNA as well as a large saturated PC pool size and improved lung function. IL-
1β also increased SPs, except SP-B. The overall maturing effects were greater in the 
animals who received IL-1α (Willet et al. 2002). 



3 Outlines of the present study 

In very preterm births due to intra-uterine infection, the incidence of RDS is decreased, 
while the incidence of CLD is increased. Preliminary studies showed that IL-1 
upregulates SP-A in very immature rabbit lung in vitro, while in vivo it increases SP-A, 
SP-B, and surfactant phospholipids and improves lung function in preterm rabbits and 
sheep. On the other hand, elevated levels of proinflammatory cytokines, including IL-1, 
have been seen in tracheal aspirates of infants with CLD and in ARDS. 

On the basis of previous evidence, the following aims were set to this thesis: 

1. To study the effect of IL-1 on SP-A, -B, and -C expression as a function of 
gestational age in rabbit fetal and newborn lung explants. 

2. To study the roles of other inflammatory agents (TNF-α, IFN-γ, LPS) and anti-
inflammatory dexamethasone in the expression of SP-A, -B, -and -C and 
whether they modulate the IL-1-induced expression of SPs. 

3. To study the transcription factors (NF-κB and C/EBPδ) involved in the IL-1-
induced expression of SP-A mRNA, and the stability of SP-A, -B, and -C 
mRNAs. 

 



4 Materials and methods 

Detailed descriptions of the materials and methods have been given in the original 
articles I-IV. 

4.1  Animal protocol (I-IV) 

Timed-pregnant white New Zealand rabbits were used as experimental animals. The 
Animal Research Committee of the University of Oulu approved the protocol. The 
mating date was defined as day 0 of gestation. Hysterotomy was performed on animals 
injected with medetomidine (0.3 mg/kg i.m.) and ketamine (20 mg/kg i.m.) on the days 
19 (± 1h), 22 (± 1h), 27 (± 1h), or 30 (± 1h) of gestation. The fetuses and 1- to 2-day-old 
newborns were sacrificed by cutting the cervical cord and the does by i.v. injection of 
pentobarbital. The lungs were recovered under aseptic conditions.  

4.2  Organ culture (I-IV) 

The large airways were removed, and the lungs were cut into cubes of approximately two 
mm3 using sterile scissors. Five such pieces were placed on a filter paper on a metallic 
grid in a culture dish. The tissue pieces were partly in contact with the atmosphere, partly 
with the culture medium. Waymouth's serum-free medium MD 705/1 (Gibco) containing 
penicillin (100 U/ml), streptomycin (100 µg/ml), fungizone (0.25 µg/ml), and glutamine 
(2 mM) was used in a humidified atmosphere containing 5% CO2 and 95% air. The lung 
explants were precultured for 20 hours before adding the active agents on to the culture 
dish. The media were changed in the control dishes, and media containing active agents 
at chosen concentrations were added into the other dishes. The explants were thereafter 
incubated, mostly for 12 or 20 hours. In the preliminary experiments, different exposure 
times were also tested (4-48 hours). In tests documenting mRNA stability, the explants 
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were cultured in the presence of IL-1α and/or dexamethasone for 4 hours before adding 
actinomycin D (5 or 50 µg) or cycloheximide (2.5 µg/ml). After culture, the explants 
from one culture dish were collected into a microcentrifuge tube, harvested into liquid 
nitrogen, and stored at -70°C until used for mRNA or protein analysis or prepared as 
nuclear extracts. The explants for immunohistochemistry were fixed with 4% neutral 
formaldehyde. 

4.2.1  Active agents 

Recombinant human IL-1α (rhIL-1α) was a generous gift of Dr. R. Chizzonite (Hoffmann 
LaRoche), and it has been shown to be biologically active in rabbit (Kulkarni & Mancino 
1993). The rhTNF-α and rhIL-1β, which are both also biologically active in rabbit 
(Rampart et al. 1989, Kulkarni & Mancino 1993), were purchased from R&D Systems 
and Lipopolysaccharide E. Coli Serotype O55:B5 as well as dexamethasone and 
actinomycin D from Sigma-Aldrich. rhIFN-γ (Genzyme Diagnostics) has also been 
shown to be biologically active in rabbit (Stadler et al. 1991). 

4.3  Northern analysis (I-IV) 

The lung explants were pulverized and homogenized in RNA STAT-60 solution (Tel-Test, 
Inc.). One mRNA sample was derived from the explants in one culture dish. 10 µg of 
mRNA was loaded on a 1% agarose and 6.5 % formaldehyde gel and, after gel 
electrophoresis, transferred onto a nylon hybridization membrane (BIODYNE B; Pall 
Gelman Sciences). The membranes were hybridized using probes of 1.9 kb rabbit SP-A 
cDNA, 0.6 kb rabbit SP-B cDNA, or 0.5 kb rabbit SP-C cDNA fragments (Bry et al. 
1997) and 0.5 kb mouse C/EBPδ cDNA fragment (IV). The purified inserts were labeled 
with 32P using the oligolabeling kit from Amersham Pharmacia Biotech. To compensate 
for gel-loading artifacts, the membranes were probed with 32P-radiolabeled 28S RNA-
specific cDNA clone. The bands were quantitated using PhosphorImager. 

4.4  Western analysis (I, II) 

For SP-A analysis, the proteins were isolated from the culture medium. For analysis of 
SP-B, the proteins from the explants were isolated essentially as described by Clark et al 
(Clark et al. 1997). SP-A protein samples were loaded on a 12% SDS-polyacrylamide gel 
electrophoresis (PAGE) gel under reducing conditions. Samples for SP-B, containing 10 
µg of protein, were loaded on a 15% SDS-Tricine PAGE gel under non-reducing 
conditions. The gels were electrotransferred onto a Protran BA85 (Schleicher & Schuell) 
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nitrocellulose filter. Blocking and antibody incubations were made according to ECL-
Plus (Amersham). A 1:1000 dilution of guinea pig anti-rabbit SP-A antibody (a kind gift 
from Dr. JM Snyder [University of Iowa Hospitals, and Clinics, Iowa City, IA]) and a 
1:10000 dilution of mouse anti-porcine SP-B antibody (a kind gift from Dr. Y. Suzuki, 
Kyoto University, Kyoto, Japan) were used as the primary antibodies. A 1:10000 dilution 
of horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (Bio-Rad) 
served as the secondary antibody. The bound antibody was visualized using the ECL-Plus 
Detection kit (Amersham), and the bands were analyzed by video imaging and 
densitometry. 

4.5  Immunohistochemistry (I, II, IV) 

Immunohistochemistry was performed for SP-A (I), SP-B (I), IL-1α (II), C/EBPδ (IV), 
and NF-κB (p65 subunit) (IV). The explants were fixed with 4% formaldehyde in PBS 
overnight and embedded in paraffin. 5 µm sections were cut on Super Frost Plus 
microscopic slides (Menzel-Gläser) for immunodetection. The primary antibodies used 
were guinea pig anti-rabbit SP-A antibody (1:1000) (a kind gift from Dr. JM Snyder), 
mouse anti-swine SP-B antibody (1:1000) (a kind gift from Dr. Y. Suzuki), goat anti-
rabbit IL-1α antibody (1:250) (Endogen), rabbit anti-human C/EBPδ antibody (1:100) 
(Santa Cruz Biotechnology), and goat anti-p65 antibody (1:50) (Santa Cruz 
Biotechnology). The secondary antibody for SP-A was a biotinylated broad-range 
antibody from Zymed. Biotinylated rabbit anti-mouse IgG (1:300) and swine anti-rabbit 
IgG (1:200) from Dako were used as secondary antibodies for SP-B and C/EBPδ, 
respectively. Biotinylated donkey anti-goat IgG (1:250) (Jackson Immunoresearch 
laboratories, inc.) was used as secondary antibody for IL-1α and p65. The following steps 
were accomplished using the Histostain-Plus kit (Zymed Laboratories) for SP-A and SP-
B and the Strept ABComplexes kit (Dako) for IL-1α, C/EBPδ, and NF-κB. Detection was 
done with the Liquid DAB substrate of ZYMED Laboratories Inc, and the sections were 
counterstained with hematoxylin.  

4.6  EMSA (electrophoretic mobility shift assay) (IV) 

EMSA was used to study the binding of nuclear proteins from lung explants to a C/EBP 
consensus probe. The nuclear extracts were prepared as previously described by 
Schreiber et al (Schreiber et al. 1989) and Reznikov et al (Reznikov et al. 1999). The 
probe was a double-stranded consensus C/EBP oligonucleotide 
(5’TGCAGATTGCGCAATCTGCA3’) end-labeled with [γ-32P]ATP. Protein-DNA 
complexes were resolved from free probe on 7% non-denaturing polyacrylamide gel 
electrophoresis. The gel was dried and visualized by PhosphorImager.  
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4.7  Expression of results and statistics (I-IV) 

The mRNA and protein levels are presented as means ± SEM. To compensate for gel-
loading artifacts, the Northern blot membranes were probed with [32P]-radiolabeled 28S 
RNA-specific cDNA clone. Messenger RNA or protein in the presence of active agents is 
expressed on the basis of the mRNA or protein present in the vehicle-treated controls. 

SPSS for Windows was used for statistical tests. Statistical significance was analyzed 
using the independent samples t-test. The scanned values from control and treated 
samples were compared. One-way analysis of variance (ANOVA) followed by post hoc 
analysis using the Fisher test or Scheffe test was performed in multiple comparisons. P 
values of < 0.05 were considered as significant. 



5 Results 

5.1  Effects of cytokines on SP-A, -B, and -C 

5.1.1  IL-1 (I-II) 

IL-1α upregulated SP-A and SP-B mRNAs in lung explants from immature fetal (19- and 
22-day-old) rabbits. SP-C mRNA was slightly increased by IL-1 treatment in the lung of 
19-day-old fetuses, while in explants from 22-day-old fetuses SP-C was unaffected 
(Table 4). The increase of SP-A mRNA in 22-day-old fetal lung was first evident after 4-6 
hours of incubation. The IL-1 effect on SP-A and -B mRNAs on the days 19 and 22 was 
constant at concentrations between 57 and 2850 ng/ml, but on day 22, SP-C mRNA was 
decreased at higher concentrations. IL-1α also increased the SP-A protein: in the 
epithelial lining of the future air spaces, the amount of immunoreactive SP-A increased in 
both 19- and 22-day-old fetal lung. In addition, the culture medium from 22-day-old fetal 
IL-1α-treated lung explants contained more SP-A protein than the culture medium from 
control explants (I). 

A gestation-dependent switch in the IL-1 effect on SP expression was seen between 
the days 22 and 27 of rabbit gestation, since no IL-1-induced upregulation was seen in 
transitional (27-day) and mature (30-day) fetal as well as in newborn (1- and 2-day) any 
longer. SP-A mRNA was unaffected by IL-1 treatment, while SP-B and SP-C mRNAs 
decreased, most notably after 20 hours of incubation with IL-1α at 570 ng/ml (Table 4). 
The downregulation of SP-B mRNA became evident after 12 hours in 30-day-old fetal 
lung and decreased further during incubation (ad 44 hours). The SP-B and SP-C mRNA 
expression also decreased as a function of concentration (5.7 – 2850 ng/ml). Moreover, 
the SP-B protein content in the culture medium and immunoreactivity in the future 
airspaces were decreased by IL-1 in transitional lung (I). The effect of IL-1β (10 ng/ml 
and 100 ng/ml) on SP-A, -B, and -C was also tested in immature and mature lung. An 
effect similar to IL-1α was seen. 
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5.1.2  TNF-α (II) 

TNF-α (100 ng/ml) had no effect on SP-A, SP-B, or SP-C mRNA in lung explants from 
22-day-old fetal rabbits. In mature fetal lung, SP-A mRNA was unchanged by TNF-α, 
while SP-B mRNA decreased after 12 hours, and SP-C mRNA tended to decrease (p = 
0.18) after 20 hours of incubation. In 2-day-old newborn lung, all of these SPs were 
downregulated by TNF-α (Table 4). SP-B protein also tended to decrease following TNF-
α administration (0.77 ± 0.15, p = 0.16) in mature fetal lung.  

5.1.3  IL-1α + TNF-α (II) 

The effect of IL-1α (57 ng/ml) and TNF-α (100 ng/ml) together was similar to that of IL-
1α alone in the lung of 22-day-old fetuses. In 30-day fetal as well as in 2-day newborn 
lung, SP-A, -B, and -C mRNAs decreased following combined IL-1α and TNF-α, and the 
effect was additive to SP-B mRNA in term fetal lung and to SP-C mRNA in neonatal 
lung (Table 4, Figure 5). The SP-B protein was decreased by the combination of IL-1α 
and TNF-α (0.73 ± 0.17, p = 0.14). 

5.1.4  IFN-γ (II) 

The 22- and 30-day fetal and 2-day old newborn lung was exposed for 12 or 20 hours to 
INF-γ at 10 ng/ml or 100 ng/ml. IFN-γ had little, if any, detectable effect on SP-A, -B, or 
-C mRNAs at any gestational age. 

5.1.5  IL-1α + TNF-α + IFN-γ (II) 

While TNF-α did not affect the IL-1-induced upregulation of SP-A and SP-B mRNAs in 
immature lung, the addition of IFN-γ to this (IL-1α + TNF-α) combination caused an 
inhibitory effect. The IL-1α-induced increase in SP-A mRNA diminished from ~2.2-fold 
to ~1.5-fold and was no longer significant. The IL-1-induced effect on SP-B mRNA was 
abolished, and SP-C mRNA became suppressed. In mature fetal lung, no additional effect 
of IFN-γ was seen. In lungs from postnatal animals, IFN-γ tended to decrease the IL-1-
TNF-induced suppression of SP-B (p = 0.21-0.27) and SP-C (p = 0.15-0.20) mRNA 
(Figure 5). 
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Table 4. Effect of IL-1α and TNF-α on the expression of SP-A, -B, and -C mRNAs. The 
lung explants from rabbit fetal (19-day, 22-day, 27-day or 30-day) or newborn (1- or 2-
day) lung were exposed to IL-1α (57 ng/ml or 570 ng/ml), TNF-α (100 ng/ml), or a 
combination of IL-1α (57 ng/ml) and TNF-α (100 ng/ml) for 12 or 20 hours. The mRNA 
values are relative (IL-1α and/or TNF-α-treated vs. vehicle) and expressed as mean ± 
SEM (n = number of dishes studied). n.d. = not determined. 

Age/ SP IL-1α 57 ng/ml  
12h/ 20h 

IL-1α 570 ng/ml 
12h/ 20 h  

TNF-α 100 ng/ml 
12h/ 20h 

IL-1α+TNF-α  
12h/ 20h 

Fetus     
    19-day     
        SP-A n.d./ 8.6±1.6 (10) n.d./ 9.6±1.6 (8) n.d./n.d. n.d./n.d. 
        SP-B n.d/ 3.7±1.0 (8) n.d./ 4.1±1.1 (6) n.d./n.d. n.d./n.d. 
        SP-C n.d./ 1.6±0.2 (11) n.d./ 1.6±0.2 (11) n.d./n.d. n.d./n.d. 
    22-day     
        SP-A 2.2±0.4 (24)/ 2.3±0.2 

(27) 
n.d./ 2.3±0.2 (18) 1.0±0.1 (21)/ 1.0±0.1 

(13) 
2.3±0.2 (25)/ 2.2±0.2 

(16) 
        SP-B 2.0±0.3 (25)/ 1.8±0.2 

(27) 
n.d./ 1.6±0.2 (17) 1.2±0.1 (21)/ 1.0±0.1 

(13) 
1.9±0.2 (25)/ 1.8±0.2 

(16) 
        SP-C 1.0±0.1 (25)/ 1.1±0.1 

(27) 
n.d./ 0.8±0.1 (18) 1.1±0.1 (17)/ 1.0±0.1 

(13) 
0.8±0.1 (25)/ 0.9±0.1 

(16) 
    27-day     
        SP-A n.d./ 1.0±0.1 (8) n.d./ 0.9±0.1 (13) n.d./n.d. n.d./n.d. 
        SP-B n.d./ 0.8±0.1 (8) n.d./ 0.5±0.1 (13) n.d./n.d. n.d./n.d. 
        SP-C n.d./ 0.6±0.1 (8) n.d./ 0.3±0.04 (13) n.d./n.d. n.d./n.d. 
    30-day     
        SP-A 1.0±0.1 (8) / 1.0±0.1 

(26) 
n.d./ 0.9±0.1 (12) 1.0±0.9 (8) / 0.9±0.1 

(15) 
0.7±0.1 (8) / 0.8±0.1 

(18) 
        SP-B 0.8±0.1 (8) / 0.8±0.1 

(26) 
n.d./ 0.5±0.0 (28) 0.8±0.1 (8) 

/ 0.8±0.1 (15) 
0.5±0.1 (8) / 0.6±0.0 

(18) 
        SP-C 0.8±0.1 (8) / 0.6±0.0 

(26) 
n.d./ 0.4±0.0 (18) 0.9±0.1 (8) / 0.7±0.1 

(15) 
0.6±0.1 (10)/ 0.4±0.0 

(14) 
Newborn     
    1-day     
        SP-A n.d./ 0.9±0.0 (17) n.d./ 0.8±0.1 (19) n.d./n.d. n.d./n.d. 
        SP-B n.d./ 0.7±0.0 (14) n.d./ 0.5±0.0 (19) n.d./n.d. n.d./n.d. 
        SP-C n.d./ 0.5±0.1 (16) n.d./ 0.4±0.0 (19) n.d./n.d. n.d./n.d. 
    2-day     
        SP-A 0.9±0.1 (9) / 1.0±0.1 

(17) 
n.d./n.d. 0.6±0.0 (5) / 0.8±0.1 

(10) 
0.6±0.1 (11)/ 0.9±0.1 

(9) 
        SP-B 0.8±0.1 (9) / 0.7±0.0 

(17) 
n.d./n.d. 0.4±0.0 (5) / 0.6±0.1 

(10) 
0.4±0.0 (11)/ 0.5±0.0 

(9) 
        SP-C 0.9±0.1 (7) / 0.6±0.1 

(17) 
n.d./n.d. 0.6±0.1 (5) / 0.5±0.1 

(10) 
0.3±0.1 (11)/ 0.4±0.1 

(9) 
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Fig. 5.  Effect of IFN-γ at low (10 ng/ml) or high (100 ng/ml) concentrations on the combined 
effect of IL-1α (57 ng/ml) and TNF-α (100 ng/ml) in rabbit fetal (22-day and 30-day) and 
newborn (2-day) lung on SP-A, -B, -and -C mRNA expression. The first column at each age 
presents the combined effect of IL-1α and TNF-α without IFN-γ (-), the second column that 
with IFN-γ at 10 ng/ml, and the third column that with IFN-γ at 100 ng/ml. 

5.2  LPS 

5.2.1  Effect of LPS on SP-A, -B, and -C expression (II) 

In lung explants from 22-day-old fetal lung, LPS at 100 ng/ml or at 1 µg/ml after 12 
hours of exposure had no effect on SP-A, -B, or -C mRNAs. Exposure times ad 48 hours 
were tested, but no significant changes were seen in SP mRNAs. In mature fetal and 2-
day-old newborn lung, in contrast, all these mRNAs were significantly decreased after 12 
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hours by LPS at 1 µg/ml. In newborn lung, SP-C was also downregulated by LPS 100 
ng/ml (Table 5, Figure 6). 

5.2.2  IL-1α + TNF-α + LPS (II) 

In lung explants from 22-day-old fetal lung, addition of IL-1α and TNFα together with 
LPS caused disappearance of the IL-1α effect on SP-B mRNA, whereas the IL-1α-
induced upregulation of SP-A persisted, although diminished. SP-C became suppressed. 
In mature fetal lung and 2-day-old newborn lung, the combination (IL-1α +TNF-α +LPS) 
suppressed all of the three surfactant proteins, similarly to the cytokines or LPS added 
alone. In explants from 30-day-old fetuses, IL-1α, TNF-α, and LPS together tended to be 
more suppressive (SP-A: p = 0.15; SP-B: p = 0.46; SP-C: p = 0.059) than the cytokines 
or LPS alone (Figure 6). 

Fig. 6. Comparison of the LPS effect and the effect of IL-1α + TNF-α to the combined effect 
of all these three agents (IL-1α + TNF-α + LPS) on SP-A, -B, -and -C mRNA expression. The 
explants were incubated for 12 hours in the presence of LPS 1 µg/ml, IL-1α 57 ng/ml, and 
TNF-α 100 ng/ml. 
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5.2.3  LPS + IFN-γ (II) 

LPS 100 ng/ml in combination with IFN-γ decreased SP-B and SP-C mRNAs in explants 
from 22-day-old fetuses, although neither agent alone had any effect on SP expression. In 
explants from 30-day-old fetal rabbits, IFN-γ tended to potentiate the LPS-induced 
downregulation of SP-B and SP-C mRNAs, and the effect on SP-C was significant when 
IFN-γ was added together with LPS at 100 ng/ml (p = 0.02). In explants from 2-day-old 
newborn rabbits, IFN-γ tended to decrease the suppressive effect of LPS (1 µg/ml) on SP 
expression (Table 5). 

Table 5. Comparison of the LPS effect to the combined effect of LPS and IFN-γ on SP-A, 
-B, and -C mRNA expression. Explants from rabbit fetal (22-day and 30-day) and 
newborn (2-day) lung were incubated in the presence of LPS 100 ng/ml or LPS 1µg/ml or 
a combination of LPS (100 ng/ml or 1µg/ml) and IFN-γ (100 ng/ml) for 12 hours. The 
mRNA values are relative (LPS or LPS and IFN-γ-treated vs. vehicle) and expressed as 
mean ± SEM.  

Age/ SP 
 

LPS  
100 ng/ml 

LPS 100 ng/ml + IFN-
γ 100 ng/ml 

LPS  
1µg/ml 

LPS 1µg/ml +  
IFN-γ 100 ng/ml 

Fetus     
    22-day     
        SP-A 1.09 ± 0.04 0.84 ±0.10 1.08 ± 0.05 1.25 ± 0.17 
        SP-B 1.15 ± 0.05 0.64 ±0.09 1.13 ± 0.08 1.23 ± 0.14 
        SP-C 1.04 ±0.03 0.56 ± 0.03 1.04 ± 0.07 0.97 ± 0.14 
    30-day     
        SP-A 0.94 ± 0.13 1.06 ± 0.11 0.72 ± 0.10 0.63 ± 0.09 
        SP-B 0.89 ± 0.08 0.80 ± 0.12 0.66 ± 0.07 0.57 ± 0.08 
        SP-C 0.76 ± 0.09 0.48 ± 0.06 0.57 ± 0.07 0.45 ± 0.06 
Newborn     
    2-day     
        SP-A 0.92 ± 0.09 0.75 ± 0.08 0.76 ± 0.05 0.87 ± 0.10 

SP-B 0.81 ± 0.09 0.66 ± 0.05 0.69 ± 0.07 0.76 ± 0.14 
SP-C 0.73 ± 0.10 0.91 ± 0.13 0.55 ± 0.04 0.71 ± 0.09 

5.2.4  Effect of LPS on IL-1α in immunohistochemistry (II) 

In lung explants from 30-day-old fetuses and 2-day-old newborns, LPS increased the 
immunoreactivity of IL-1α in the future airspaces. In lung explants from immature 
fetuses, after the addition of LPS, there was some IL-1 immunoreactivity associated with 
macrophages from the pleura and interstitium, but no immunoreactivity was evident in 
the airspaces. 
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5.3  Effect of dexamethasone on SP-A, -B, and -C mRNA expression 
(III) 

In lung explants from 22-day gestation, SP-A expression was not affected by Dx at any 
concentration (3x10-9 M-10-6 M). In contrast, Dx increased SP-B expression at all 
concentrations, 3.5±0.5-fold at 10-7 M. SP-C mRNA was also increased (1.6 ± 0.24-fold) 
by Dx 10-7 M. 

In explants from 30-day fetal lung, Dx at 3x10-9 M, 10-7 M, and 10-6 M increased SP-B 
expression 1.8±0.24-, 1.6±0.13-, and 1.4±0.17-fold, respectively. In contrast, SP-A and 
SP-C mRNAs were unaffected by any concentration of Dx. An effect similar to that seen 
in mature fetal lung was also seen in transitional (27-day) and newborn (1-day) lung 
(Figure 7). 

5.3.1  IL-1α + dexamethasone (III) 

In 22-day fetal lung, Dx at 10-7 M increased the IL-1 effect on SP-A mRNA. At 570 
ng/ml of IL-1α, the additive effect was statistically significant (p = 0.04). The combined 
effect of Dx and IL-1α on SP-B expression also tended to be additive. The expression 
level of SP-C after combined IL-1 and Dx was similar to that following Dx alone. 

In mature fetal lung, Dx reduced or abolished the IL-1α-induced suppression of SP-B 
and -C mRNAs. SP-A mRNA was also downregulated by IL-1α at 570 ng/ml in the test 
documenting the interaction of IL-1 and Dx. This decrease was abolished as well. The 
effects seen in transitional and mature fetal and in newborn lung tended to be similar 
(Figure 7). 

5.4  Regulation of SPs by IL-1 and Dx: mRNA stability (I, III) 

Actinomycin D, a blocker of mRNA synthesis, was used to study the mechanism of IL-1α 
and Dx effects (I, III). The effect of IL-1 on SPs was also studied by using 
cycloheximide, an inhibitor of protein synthesis (I). In explants from 22-day fetal lung, 
IL-1α had no effect (I) or tended to increase (III) the degradation of SP-A. The stability of 
SP-B mRNA, on the other hand, was unaffected by IL-1α, while SP-C mRNA was 
destabilized (III). In 27-day fetal lung, IL-1α decreased (III) or had no effect on the 
stability of SP-A mRNA (I). In the presence of both inhibitors, IL-1α increased the 
degradation (I). SP-B and SP-C mRNAs were destabilized by IL-1α (III). 

In immature lung, Dx increased the degradation of SP-A and SP-B mRNAs, but had 
no discernible effect on SP-C mRNA. In 27-day fetal lung, Dx tended to decrease the 
stability of SP-A, SP-B, and SP-C mRNAs (III). 

When added together to immature lung, IL-1α and Dx tended to stabilize SP-A 
mRNA. Although Dx alone decreased the stability of SP-B mRNA, in the presence of IL-
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1α and Dx, mRNA stability was unaffected. IL-1α-induced degradation of SP-C mRNA 
disappeared when IL-1 and Dx were added together to explants from 22-day fetal lung. 
Similarly, in more mature fetal (27-day) lung, Dx tended to abolish the IL-1α-induced 
instability of SP-B and SP-C mRNAs. The effects of IL-1α, Dx, or their combination on 
the stability of SP-A mRNA were similar (III). 

Fig. 7. Effect of dexamethasone (10-7 M), IL-1α 570 ng/ml, and a combination of 
dexamethasone and IL-1α on SP-A, B-, and -C mRNA expression in fetal (22-, 27-, and 30-
day) and newborn (1-day) lung after 20 hours of exposure. 

5.5  Transcriptional regulation of SP-A: IL-1, NF-κB, and C/EBPδ 
(IV) 

5.5.1  Effect of IL-1α on C/EBPδ mRNA expression 

IL-1α at 57 ng/ml or 570 ng/ml increased C/EBPδ mRNA 1.9- to 2.5-fold after 12 or 20 
hours of incubation in 22-day-old fetal lung. In lung explants from 27-day fetal rabbits, 
IL-1α did not change C/EBPδ mRNA. In term fetal lung, IL-1α upregulated C/EBPδ 
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mRNA 1.6-fold, while in lung from 1-day-old newborn rabbits, IL-1α did not alter the 
expression of C/EBPδ. 

5.5.2  Effect of IL-1α on nuclear protein binding to C/EBP consensus 

In 22-day-old fetal lung, IL-1α (57 ng/ml) increased the binding activity of nuclear 
proteins to the C/EBP oligonucleotide 1.8-fold (p=0.04) compared to the binding of 
nuclear proteins isolated from control explants. In 27-day-old fetal lung, IL-1α tended to 
increase the binding of nuclear proteins to C/EBP oligonucleotide (1.4-fold, p=0.28). IL-
1α increased the binding of nuclear proteins from 30-day-old fetal lung 1.8-fold, although 
not significantly (p=0.10). 

5.5.3  Effect of IL-1α on C/EBPδ and NF-κB immunoreactivity 

Because the active transcription factor is located to the nucleus, the nuclear staining of 
C/EBPδ and NF-κB in lung explants was studied. Approximately one fourth of the nuclei 
in alveolar epithelium were C/EBPδ-immunopositive in the control lung explants from 
22-day fetal lung. IL-1α increased the percentage of labeled nuclei ~1.4-fold. In 30-day 
fetal lung, C/EBPδ immunoreactivity was present in only ~1-2 % of the nuclei of alveolar 
cells, and IL-1α did not increase immunostaining. In explants from 2-day-old newborn 
lung, <0.5 % C/EBPδ-immunopositive nuclei were seen in alveolar epithelial cells. IL-1α 
had no effect on this immunoreactivity. 

Although the epithelial lining of alveoli and airspaces had strong immunoreactivity for 
NF-κB (p65), only small amount of immunoreactivity was seen in the nuclei of the 
epithelial cells lining the alveolar ducts, while most immunopositivity was evident in 
cytoplasm. In explants from 22-day-old fetal rabbits, immunoreactivity of NF-κB was 
seen in 2% of the nuclei of the cells lining the alveolar ducts, and the immunopositivity 
was increased 4-fold by IL-1α. In explants from 30-day-old fetuses, ~9% of the nuclei of 
alveolar epithelial cells were immunoreactive, and IL-1α had only a modest effect on 
immunoreactivity (1.3-fold increase). In 2-day-old newborn rabbit lung, ~3.5 % of the 
nuclei of alveolar cells were immunopositive, and IL-1α tended to decrease the number 
of immunopositive nuclei in alveolar cells. 



6 Discussion 

This study showed that the effects of inflammatory cytokines and bacterial toxins as well 
as anti-inflammatory glucocorticoid on surfactant protein expression are complicated and 
vary throughout the perinatal period. 

6.1  Methodological aspects 

New Zealand white rabbits were used as experimental animals. Rabbit has been 
traditionally used in studies of lung maturity/immaturity. The effects of glucocorticoids 
on surfactant protein expression in rabbit lung have been studied both in vitro (see 2.4.1) 
and in vivo (see 2.4.2). The preliminary studies in vitro (Dhar et al. 1997) and in vivo 
(Bry et al. 1997) of the effects of IL-1 on lung function and surfactant protein expression 
were made with rabbit as well. For an explant –model, the lungs of fetal and newborn 
rabbits are sufficiently big to be used as material in full-scale experiments. Mouse was 
excluded as being too small. The timing of rabbit pregnancy is accurate, which makes 
gestational age-dependent studies possible. Human fetal lung could not be used, since 
none was available. 

Although rabbit is, in many ways, a suitable animal to be used in these studies, there 
are drawbacks as well. Rabbit is widely used for the production of antibodies, and it was 
difficult to find antibodies that could be used to study rabbit proteins. The poor 
availability of anti-rabbit antibodies limited the methods of choice. 

The in vitro model has limitations compared to in vivo models. In vitro, lung tissue 
differentiates spontaneously, and the amount of surfactant increases rapidly even in the 
absence of added agonist. This could result in an underestimate of the differences in the 
surfactant protein mRNA levels due to the active agent. In theory, monolayer culture of 
specific lung cells is an ideal system. However, it is difficult, if not downright impossible, 
to isolate undifferentiated type II cells. In addition, these cells rapidly dedifferentiate 
during culture in vitro. 

Northern hybridization was the main method used in this study. Even though it cannot 
be used for highly accurate and sensitive RNA quantitation, the use of internal controls 
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makes it more reliable even quantitatively. In these studies, gel loading artifacts were 
corrected using ribosomal RNA, which is regarded as an exact internal control. Some 
differences in the mRNA levels were not very distinct, and therefore the accuracy of the 
method is ritical. In this project, the experiments were replicated several times, which 
improves the reliability of the results. 

6.2  Effect of cytokines on SP expression 

IL-1α upregulated SP-A and SP-B mRNAs in very immature fetal rabbit lung. 
Surprisingly, it downregulated SP-B and SP-C mRNAs in transitional and mature fetal as 
well as in newborn lung. The promoting effect of IL-1α on the maturation of fetal 
surfactant proteins and phospholipids as well as lung function has also been shown after 
IA administration to pregnant rabbit and sheep (Bry et al. 1997, Emerson et al. 1997). 
The gestational age-dependent change in the surfactant protein’s IL-1 responsiveness is 
shown here for the first time.  

TNF-α had no effect on SP-A, -B, or -C expression in immature lung, and it did not 
change the IL-1 effect either. In contrast, in mature fetal lung, TNF-α decreased SP-B and 
SP-C mRNAs, and in 2-day old newborn lung, SP-A, -B, and -C were all downregulated 
by TNF-α. IL-1 and TNF-α had additive effects on this downregulation. Recently, it was 
shown that IA TNF-α administered to pregnant lambs on day 123 of gestation neither 
induced chorioamnionitis, nor accelerated the maturation of fetal lung. Surfactant protein 
expression remained unchanged, except that there was a decrease in SP-B mRNA 7 days 
after the exposure (Ikegami et al. 2003). Intratracheal (IT) TNF-α administered to 
preterm (d 130) ventilated lambs caused lung inflammation and decreased SP-C mRNA 6 
hours after the instillation, while SP-A and SP-B mRNAs remained unchanged (Ikegami 
et al. 2003). These in vivo findings are in line with the present study. In contrast to the 
effects of IL-1 and TNF-α on SP expression, we found that IFN-γ did not change the 
expression levels of fetal surfactant proteins at any age. 

IL-1α and β are not detectable in amniotic fluid (AL) in the mid-trimester of human 
pregnancy and increase only slightly in term pregnancy and labor. In contrast, the levels 
of IL-1 are significantly increased in preterm labor due to intra-amniotic infection 
(Romero et al. 1992a). TNF-α cannot be detected in AL during pregnancy, and only a 
small amount of TNF-α is present in AL at term birth, although the levels increase 
similarly to IL-1 in preterm birth with chorioamnionitis (Romero et al. 1992b). In 
contrast, IFN-γ was not detectable in amniotic fluid at any stage of pregnancy (Veith & 
Rice 1999) or in histological/clinically diagnosed chorioamnionitis (Negishi et al. 1996). 
In preterm births due to chorioamnionitis, the incidence of RDS is decreased (Watterberg 
et al. 1996, Hannaford et al. 1999, Shimoya et al. 2000). On the other hand, the incidence 
of CLD is increased among these infants (Watterberg et al. 1996, Hannaford et al. 1999). 
RDS develops acutely after birth, while CLD commonly manifests several days to weeks 
after birth and is clinically diagnosed at the age of 28 days or the post-conception age of 
36 weeks. Besides, as a complication of RDS, CLD may develop independently of the 
acute neonatal lung disease (Charafeddine et al. 1999). The present findings of the 
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different responsiveness of immature fetal and more mature fetal/newborn lung to IL-1α 
and to the other cytokines studied may explain the contrasting associations of these 
diseases with chorioamnionitis. Similarly to CLD (Kotecha et al. 1996, Jonsson et al. 
1997) acute respiratory distress syndrome (ARDS) also involves an increased amount of 
proinflammatory cytokines in the respiratory tract (Martin 1999). In ARDS, severe 
abnormalities are seen in surfactant (Hallman et al. 1982), including decreased levels of 
SP-A and SP-B (Gregory et al. 1991, Greene et al. 1999). CLD also involves a deficiency 
of at least SP-A (Hallman et al. 1991, Coalson et al. 1995). The present findings, which 
show disappearance of the induction of SP-A and additively decreasing expression of SP-
B and SP-C following exposure of mature fetal and neonatal lung to IL-1α and TNF-α, 
may help to clarify the mechanism of respiratory failure in CLD and ARDS.  

Some previously published data have suggested chorioamnionitis to be a risk factor 
for RDS (Hitti et al. 1997, Alexander et al. 1998). According to the present study, 
surfactant protein expression in very premature lung is increased by the inflammatory 
mediators present in chorioamnionitis; and the effect of these mediators seems to be 
significantly dependent on the degree of lung maturity. The protective role of 
chorioamnionitis against RDS probably occurs in a group of very premature infants with 
acute IUI, and the incidence of RDS among more mature preterm infants might well be 
increased due to chorioamnionitis. In infants born after 31 weeks of gestation, the risk of 
RDS was significantly higher in IUI due to PROM (Hallak & Bottoms 1993). However, 
no comprehensive data are yet available to show the role of chorioamnionitis in the 
pathogenesis of RDS and CLD as a function of lung maturity.  

We found that IFN-γ (10 ng/ml or 100 ng/ml) had no acute influence on the expression 
of SP-A, -B, -or -C at any gestational age or in newborn lung in rabbits. Contrary data 
have also been reported. Human fetal lung explants from the second trimester were, after 
24 hours’ preincubation, exposed to IFN-γ (5 ng/ml) for 1 to 4 days. SP-A mRNA 
increased after 1 and 3 days of exposure ~2.7-fold compared to control tissue, and the SP-
A protein content was about 3-fold after three days. The effect was dose-dependent and 
peaked at IFN-γ 100 ng/ml (Ballard et al. 1990). Similarly to our findings, IFN-γ had no 
effect on SP-B or SP-C expression (Ballard et al. 1990). In another study, SP-A mRNA 
increased in human fetal (18-24 gestational weeks) lung explants after 24 hours of IFN-γ 
exposure (4 days’ preincubation) (Karinch et al. 1998). One explanation for this 
difference between the results of our studies and others could lie in species-specific 
differences.  

IFN-γ is a Th1 cytokine present in fetal tissues at low levels (Lin et al. 1993, Prescott 
et al. 1998). There was no detectable IFN-γ in amniotic fluid in preterm labor in the 
presence of chorioamnionitis (Negishi et al. 1996), although IFN-γ was present in 
amniotic fluid in term birth (Olah et al. 1996, Jones et al. 1997). When the 
pathophysiology of neonatal pulmonary diseases is considered in association with 
chorioamnionitis, IFN-γ may not have a significant role. In the present study, IFN-γ had 
no effect on SP expression, although it largely abolished the IL-1-effect on SP-A and SP-
B mRNAs and decreased SP-C mRNA in immature lung when administered together 
with IL-1α and TNF-α. Similarly, IFN-γ and LPS together were inhibitory in immature 
lung, although LPS alone had no effect on SPs in immature lung. In contrast, IFN-γ in 
newborn lung tended to decrease the suppression of SP-B and SP-C mRNAs caused by 
IL-1α and TNF-α or LPS. According to these findings, IFN-γ modulates the effects of 
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these inflammatory mediators and may well be involved in the pathogenesis of neonatal 
lung disease after birth, when Th1 cytokines may be upregulated. 

6.3  Effect of LPS on SP expression 

LPS induces IL-1 and other proinflammatory cytokines by binding to its receptor TLR-4 
in macrophages and monocytes. Similarly to IA IL-1, IA endotoxin, also improved lung 
function and increased surfactant protein expression in fetal rabbit (SP-A and -B) and 
sheep (SP-A, -B, -C, and -D) (Jobe et al. 2000, Bry & Lappalainen 2001, Bachurski et al. 
2001). We found that LPS downregulated SP-A, -B, and -C in mature rabbit lung and 
increased the immunoreactivity of IL-1α in the future airways. In contrast, LPS had no 
effect on the expression of SPs or IL-1α in immature fetal lung. Absence of the TLR4-
signaling pathway within alveolar tissue (Harju et al. 2001), apparently due to paucity of 
alveolar macrophages, is a possible cause of the observed failure of LPS to induce IL-1α 
in immature lung. It implies that the source of IL-1 in the case of IUI is maternal, since 
the cells of decidua/amnion as well as the inflammatory cells of amniotic fluid are 
capable of producing cytokines in response to LPS (Romero et al. 1989). Fetal breathing 
movements enable contact of amniotic fluid with the future respiratory tract (Hallman et 
al. 1997). 

Recently, it was found that direct IT or gastric administration of endotoxin to fetal 
immature lambs caused similar improvement in lung function and increased the amount 
of saturated phospholipids to IA endotoxin (Newnham et al. 2002). When the respiratory 
system was isolated surgically from amniotic fluid, similar effects were still apparent. In 
that case, however, the effect of IA endotoxin was no longer seen, suggesting absence of 
a systemic response (Moss et al. 2002). Our conclusion that maternally produced IL-1 is 
required for increased expression of SP-A and SP-B in immature rabbit lung is in 
apparent discrepancy with the in vivo lamb studies. It was concluded, based on the effects 
of IT administration of LPS, that inflammatory mediators produced by lung locally 
mediate the improving effects on lung function (Moss et al. 2002, Newnham et al. 2002). 
However, surfactant protein expression was not studied after IT endotoxin. In our in vitro 
model, the production of cytokines by bronchiolar cells can be excluded, since the central 
and even smaller airways were removed. In contrast, after IT administration, bronchiolar 
cells are a possible source of cytokines. The lining of the large airways of near-term 
mouse lung contains TLR-positive cells, whereas TLR-4 is undetectable in the alveolar 
tissue (Harju K, unpublished data). 

In ventilated preterm (d 130) neonatal lambs both low- (0.1 mg/kg) and high-dose (10 
mg/kg) IT LPS caused systemic and lung inflammation, evident as increased levels of 
proinflammatory cytokines, for example. Lung mechanics were similar to that in the 
control group, although gas exchange values were lower in the endotoxin group. In near-
term animals (d 141), a 10 mg/kg LPS dose caused lung inflammation, but only a 
minimal systemic response (Kramer et al. 2002). These results are concordant with the 
present findings, although the investigators failed to report the expression of surfactant 
proteins. 
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IT (aerosolized or injected) administration of LPS to adult animals has been 
considered a model of ARDS (van Helden et al. 1997). LPS is known to increase IL-1 
and TNF-α mRNA expression in alveolar macrophages in vitro, as well as after IT 
instillation in lung tissue (Ulich et al. 1991). In adult rats, IT-injected low-dose (1-2 
mg/kg) LPS increased the number of alveolar type II cells within 3 to 7 days of 
administration. There was no detectable inflammatory cell reaction. SP-A as well as SP-
A, -B, and -C mRNAs increased in the lungs of these animals, while no difference 
between the control and LPS group was seen after 14 days (Sugahara et al. 1996). The 
increase of SPs was associated with increased proliferation of type II cells and was 
thought to be part of the repair process after LPS-induced lung injury. In contrast, a 
higher dose (16 mg/kg) of aerosolized LPS increased polymorphonuclear leukocytes 
(PMNs) in BAL and lung tissue soon (5 h) after administration, and the effect reached a 
plateau at 10 hours after the LPS dose. SP-A levels increased in BAL for the first ten 
hours, declining thereafter and reaching control values at 16 hours (van Helden et al. 
1997). The early increase in SP-A in vivo was probably due to intracellular release of SP-
A as a consequence of cell damage. In another study, a low dose (0.5 mg/kg) of LPS 
administered IT to adult rats increased the SP-A and SP-D mRNAs for 24 hours after 
instillation, although the SP-B levels were unchanged. The levels of SP-A in lung tissue 
increased for 6 hours after the administration, peaked at 24 hours and remained elevated 
for 72 hours. In lavage fluid, a significant increase was seen in SP-A and SP-D after 72 
hours (McIntosh et al. 1996). The relevance of these studies with adult animals for 
newborn lung diseases remains unknown. 

A variety of lung responses to LPS have been seen in animal studies. The studies have 
involved differences in dosage, species, and ages of the animals studied. We did not find 
upregulation of SP-A, -B, -or -C by LPS in vitro at any gestational age, and all these SPs 
actually decreased in mature fetal and newborn lung. The contradictory findings reflect 
the differences in the immune defense systems of adults, fetuses, and newborns. Preterm 
lung differs in injury and immune responses from adult lung because it contains very few 
macrophages capable of responding to LPS and has low levels of innate host defense 
elements, such as the surfactant proteins SP-A and SP-D, defensins, and lysozyme (Jobe 
& Ikegami 2001). The absence of induction of SP-A in our model probably reflects the 
deficient pulmonary host defense system in fetus and newborn (D'Ambola et al. 1988). 
The decrease of SPs after LPS exposure in our experiments is consistent with the 
surfactant abnormalities found in CLD and ARDS. In studies done with adult animals, 
using a model trying to mimic ARDS, the SPs levels increased (McIntosh et al. 1996, 
Sugahara et al. 1996, van Helden et al. 1997), which is contrary to the normal 
pathophysiology of ARDS. 

6.4  Influence of IL-1 on SP mRNA stability 

Using actinomycin D, a blocker of mRNA synthesis, the effect of IL-1α on the stability of 
SP mRNAs was studied. In explants from 22-day fetal lung, IL-1α tended to decrease or 
had no effect on the stability of SP-A mRNA. It can be concluded that the IL-1α-induced 
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increase in SP-A expression mainly occurs at the transcriptional level. The stability of 
SP-B mRNA was unaffected by IL-1α, although IL-1 labilized SP-C mRNA. These 
findings reflect differences in the regulation of SP-A, -B, and -C in response to IL-1 in 
immature lung. In 27-day fetal lung, IL-1α decreased or had no effect on the stability of 
SP-A mRNA. In the presence of actinomycin and protein synthesis inhibitor 
(cycloheximide), IL-1α increased degradation, indicating that SP-A mRNA stability may 
require a labile protein. Consistent with the downregulation of SP-B and SP-C, IL-1α 
decreased the stability of these hydrophobic mRNAs, thus explaining the mechanism of 
inhibition. 

6.5  NF-κB and C/EBPδ in regulation of SP-A 

The transcription factors hypothesized to be involved in the IL-1 regulation of SP-A were 
studied. According to recent evidence, IL-1 increases SP-A in human fetal mid-gestation 
type II cells. The NF-κB proteins p50 and p65, acting cooperatively with TTF-1 by 
binding to TBE, were suggested to have a role in the IL-1-induced upregulation of SP-A 
(Islam & Mendelson 2002). This is supported by our data, since we found a 4-fold 
increase in the immunoreactive p65 induced by IL-1α in the nuclei of alveolar duct 
epithelial cells in immature fetal rabbit lung. In contrast, in the lung of 30-day fetal and 
newborn rabbits, IL-1 did not increase the nuclear staining of p65. This change in the 
inducibility of NF-κB by IL-1 is coincident with the change in the effect of IL-1α on SP-
A expression (upregulation in immature lung vs. no effect in mature lung).  

Similarly to NF-κB, the members of the CCAAT/enhancer-binding protein (C/EBP) 
transcription factor family (particularly C/EBPβ and δ) are known to have binding sites 
for several immune and acute phase response genes (Poli 1998), and they can be induced 
by inflammatory agents, such as IL-1, IL-6, TNF-α, and LPS (Poli et al. 1990, Ramji et 
al. 1993, Tengku-Muhammad et al. 2000). In rabbit fetal lung, C/EBPδ mRNA is 
detectable on day 19 of gestation and reaches a peak on day 28 of gestation, coinciding 
with maximal SP-A gene transcription (Breed et al. 1997). Other studies also suggest a 
role for the members of the C/EBP family, particularly C/EBPδ, in the regulation of SP-A 
expression (Matlapudi et al. 2002, Rosenberg et al. 2002). The potential role of C/EBPδ 
in the IL-1-induced upregulation of SP-A has not been studied previously. The present 
study showed that, in immature fetal lung, IL-1α increased C/EBPδ mRNA, the nuclear 
protein binding to the C/EBP consensus sequence, as well as the nuclear uptake of 
C/EBPδ into the nuclei of the alveolar epithelium. SP-A mRNA increased in parallel. In 
the alveolar epithelium of term fetal as well as neonatal lung, the nuclear uptake of 
C/EBPδ was no longer increased by IL-1, similarly to NF-κB. In explants from near-term 
fetuses and newborns, C/EBPδ mRNA and the nuclear protein binding to the C/EBP 
consensus probe were not affected by IL-1α, either. This was associated with the lack of 
IL-1α effect on SP-A expression. However, at term birth, C/EBPδ mRNA increased after 
IL-1-treatment, and a similar trend was seen in nuclear protein binding in the whole lung. 
This increase was probably due to the nuclear binding of interstitial cells, since no 
increase in C/EBPδ immunoreactivity was seen in the alveolar epithelium.  
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The bZIP region of C/EBP can interact directly with the Rel homology domain of NF-
κB (Stein et al. 1993), and these transcription factors cooperatively regulate the 
expression of interleukin-6 and interleukin-8 (Matsusaka et al. 1993, Stein & Baldwin, Jr. 
1993). In the regulation of IL-6, C/EBPβ may primarily act by augmenting NF-κB 
activity, since an intact NF-κB binding site was required for the transcriptional activity of 
C/EBP (Hu et al. 2000). Considering this cooperative action of NF-κB and C/EBP and 
the present findings, we propose that these two transcription factors act cooperatively in 
mediating the IL-1-induced upregulation of SP-A in immature lung. 

6.6  Effect of Dx and IL-1 on SP expression 

Maternal glucocorticoid treatment is given to prevent imminent preterm birth before the 
35th week of pregnancy, to decrease the incidence of RDS (Crowley 1995). In many cases 
of moderately premature birth and in most cases of very premature birth (i.e. 28 weeks or 
less), histologic and, in some cases, clinical chorioamnionitis prevails. It has been 
unknown whether glucocorticoid is efficacious in promoting the differentiation of the 
fetal lung in IUI, although the beneficial effect of glucocorticoid treatment has also been 
reported in the case of chorioamnionitis (Elimian et al. 2000). In the present study, the 
effects of Dx and a combination of IL-1α and Dx were studied in vitro. Previous in vitro 
studies have revealed complex effects of glucocorticoids on surfactant proteins. In 
general, it can be concluded that the effects of glucocorticoid on SP-A are variable, 
depending on the concentration and incubation time, while SP-B and SP-C are mostly 
increased by glucocorticoid.  

We found additive upregulation of SP-A and SP-B mRNA expression by IL-1α and Dx 
in association with a tendency of Dx and IL-1 in combination to stabilize these mRNAs. 
In transitional and mature fetal as well as in newborn lung, Dx abolished the inhibitory 
effects of IL-1 on SP-B and SP-C and decreased the IL-1-induced degradation of SP-B 
and SP-C mRNAs. The combined effect of IL-1 and Dx on SPs in both immature and 
mature lung was mostly inductive and generally due to the increased mRNA stability 
caused by these two agents together. The present findings imply that, in the presence of 
proinflammatory cytokines, steroid-induced stabilization of SP-B and SP-C mRNA and 
the concomitant increase in the expression of SP-B and SP-C could be a significant 
mechanism that acutely decreases severe respiratory failure in inflammatory conditions. 

As a conclusion, this study provides evidence of complex, gestational age-dependent 
changes in the responsiveness of surfactant proteins to inflammatory cytokines and 
bacterial products as well as anti-inflammatory glucocorticoid. The findings support the 
use of steroids in imminent preterm and near-term birth even in the case of IUI. The data 
further confirm the hypothesis that the decreased risk of RDS in very preterm birth due to 
IUI is mainly mediated by IL-1. Furthermore, a proinflammatory cytokine-mediated 
mechanism that suppresses the expression of SPs was revealed. The fact that 
corticosteroid was found to decrease this suppression is consistent with the efficacy of 
antenatal steroid prophylaxis administered to premature fetuses with a range of 
inflammatory profiles and stages of differentiation.  
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6.7  Future perspectives 

Even though this study provides new evidence of the mechanism of IL-1-induced SP 
expression, many aspects remain to be studied. The transcriptional regulation of SP-A 
expression by IL-1 in immature fetal lung is by now the best-known mechanistic aspect. 
The disappearance of IL-1-induced upregulation of SP-A and the decrease in the 
expression of SP-B and -C in mature fetal and newborn lung was likely the result of IL-1-
induced decrease in SP mRNA stability. The induction of transcription factors involved in 
SP-A upregulation by IL-1 was also absent in mature lung. The molecular mechanisms of 
downregulation remain unknown. Unraveling of the mechanism of decreased SP 
expression would provide a most favorable starting point for clinical research. In the 
explant model, studies of the detailed mechanism are not possible. A continuous type II 
cell line would be the best model to study further the intracellular mechanism of the IL-1 
effects. Unfortunately, cells of type II cellular origin do not tend to retain the 
morphological characteristics. Similarly, the primary cultures of type II cells de-
differentiate rapidly. 

The recent findings in vivo (Compernolle et al. 2002) suggest an important role for 
VEGF in surfactant synthesis during the perinatal period. The effects of VEGF and other 
growth factors on SP expression at different gestational ages remain to be studied in the 
explant model. Likewise, the expression of SP-D remains to be studied. 

In the long run, explant studies need to be supplemented with studies in vivo as well as 
studies using explants and cells from the human species. Research ultimately aims to 
provide evidence that would eventually be of clinical relevance. At present individual 
cytokines may be inhibited or overexpressed. Cytokine inhibitors are already used for the 
treatment of serious inflammatory diseases. A critical step toward the use of cytokine-
oriented therapies in perinatal and neonatal medicine requires further experimental 
studies. 
 



7 Summary and conclusions 

This study shows that, in rabbit lung in vitro, the expression of SP-A, SP-B, and SP-C are 
regulated gestation-dependently by inflammatory and anti-inflammatory mediators. 

The present study extends the evidence suggesting that IL-1α is the primary 
proinflammatory cytokine decreasing the risk of RDS among premature infants born due 
to IUI. TNF-α, another proinflammatory cytokine present in amniotic fluid in IUI, did not 
modify the IL-1α-induced upregulation of SP-A and SP-B in very immature lung. On the 
other hand, IFN-γ, which is generally not present in amniotic fluid in IUI, served as an 
effect modifier. The increased incidence of CLD among preterm infants in the case of 
IUI, can be explained by the gestational age-dependent switch in the cytokine-induced SP 
expression. In transitional and mature fetal as well as in newborn lung, IL-1α no longer 
increased SP-A. SP-B and SP-C were additively downregulated by IL-1α and TNF-α. A 
number of cytokines, including IL-1 and TNF-α, are increased in the lung effluent of 
infants developing CLD. Thus, the present findings also clarify the pathogenesis of 
neonatal lung diseases characterized by inflammation. Bacterial product LPS did not 
affect SPs in immature lung, while in mature fetal and newborn lung, SP-A, -B, and -C 
mRNAs were suppressed by LPS. The paucity of alveolar macrophages, which produce 
IL-1, in an immature fetus explains the absence of any LPS effect. 

The effects of IL-1α and Dx were found to be synergistic. In immature lung they 
additively increased SP-A and SP-B, while in mature lung Dx alleviated the IL-1-induced 
downregulation on SP-B and SP-C. These effects were found to be caused mainly by 
stabilization of mRNAs induced by Dx and IL-1 together. This finding, although obtained 
in vitro, supports the benefits of maternal corticoid treatment in the case of IUI. Even 
though the postnatal use of glucocorticoid remains controversial, the present data support 
the use of glucocorticoid in severe respiratory failure after birth.  

The downregulation of SP-B and SP-C in transitional lung by IL-1 associated with 
degradation of mRNAs. IL-1 did not increase the mRNA stability of SP-A in immature 
lung, either, so it may be concluded that the IL-1 upregulation is mediated mainly at the 
transcriptional level. NF-κB and C/EBPδ were found to have roles in the IL-1-induced 
upregulation of SP-A. These transcription factors were shown to be induced gestation-
dependently by IL-1. More detailed understanding of the mechanism regulating the 
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expression of multifunctional surfactant proteins could provide new therapies for 
common and life-threatening lung diseases. 
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