
EXPERIMENTAL MOUSE MODEL FOR 
FETAL INFLAMMATORY RESPONSE

Abstract in Finnish

SAMULI
ROUNIOJA

Faculty of Medicine,
Department of Paediatrics,
Department of Obstetrics

and Gynaecology,
Biocenter Oulu,

University of Oulu

OULU 2005





SAMULI ROUNIOJA

EXPERIMENTAL MOUSE MODEL FOR 
FETAL INFLAMMATORY RESPONSE

Academic Dissertation to be presented with the assent of
the Faculty of Medicine, University of Oulu, for public
discussion in the Auditorium 12 of Oulu University
Hospital, on August 13th, 2005, at 12 noon

OULUN YLIOPISTO, OULU 2005



Copyright © 2005
University of Oulu, 2005

Supervised by
Professor Mikko Hallman
Docent Juha Räsänen
Doctor Marja Ojaniemi

Reviewed by
Professor James Huhta
Docent Ilkka Julkunen

ISBN 951-42-7782-1 (nid.)
ISBN 951-42-7783-X (PDF) http://herkules.oulu.fi/isbn951427783X/

ISSN 0355-3221 http://herkules.oulu.fi/issn03553221/

OULU UNIVERSITY PRESS
OULU  2005



Rounioja, Samuli, Experimental mouse model for fetal inflammatory response 
Faculty of Medicine, Department of Paediatrics, Department of Obstetrics and Gynaecology,
Biocenter Oulu, University of Oulu, P.O.Box 5000, FIN-90014 University of Oulu, Finland 
2005
Oulu, Finland

Abstract
Intrauterine infections apparently cause about 85% of preterm deliveries at less than 28 weeks of
gestation. Infection and inflammation play an important role in morbidity and mortality during
perinatal period. The inflammatory mechanisms and pathophysiological consequences of intrauterine
infection are poorly understood. According to current evidence from animal studies, the phenotypes
of fetal inflammatory response are variable, ranging from spontaneous preterm birth to fetal death.
The fetus is rather well protected against infectious agents by both structural and functional barriers.
Toll-like receptors (TLR) are a part of innate immune system. Binding of bacterial or viral component
to TLR induces inflammatory response in the host.

The present study addressed the hypothesis that the effects of bacterial lipopolysaccharide (LPS)
on the fetus, depends on the route by which it reaches the fetus. In this experimental study we
hypothesized that an acute inflammation within the amniotic cavity may cause an innate immune
response in the fetus consequently leading to cardiovascular distress. Secondly the role of the placenta
in protecting the fetus from acute infectious challenges was evaluated. Additionally, the role of
gestational age in the fetal immune response was studied.

In the present study, LPS from Gram-negative bacteria caused an acute intrauterine inflammation
in mice as indicated by the elevated levels of inflammatory mediators (e.g. cytokines) in amniotic
fluid. The fetal heart revealed mRNA and protein expression of TLR4, which recognizes LPS.
Moreover, the data showed a cytokine response in the fetal heart and severe cardiac dysfunction. In
contrast, intraperitoneal LPS administered to the mother did not cause an acute cytokine response in
the fetus. After intraperitoneal LPS the placenta showed severe blood congestion and a cytokine
response. The data suggest that TLRs play roles in regulating the acute inflammatory responses in the
placenta. Despite the absence of a fetal immune response, the placental lesions caused a fetal
cardiovascular compromise. In addition, the present data indicate that the fetal expression of TLR4 is
tissue specific and developmentally regulated.

Present study provides new insights into the acute inflammatory mechanisms in maternal and fetal
compartments and the pathophysiological changes in fetal cardiovascular hemodynamics.

Keywords: cytokines, endotoxins, heart failure; congestive, immunity; innate, receptors;
cell surface





Rounioja, Samuli, Kokeellinen hiirimalli sikiön tulehdusvasteesta 
Lääketieteellinen tiedekunta, Lastentautien klinikka, Synnytys- ja naistentautien klinikka, Biocenter
Oulu, Oulun yliopisto, PL 5000, 90014 Oulun yliopisto
2005
Oulu

Tiivistelmä
Hyvin ennenaikaisen, alle 28. raskausviikolla tapahtuneen synnytyksen taustalta löytyy usein
kohdunsisäinen infektio (IUI). Kohdunsisäisen infektion aiheuttama synnytys on suurimpia sikiön
vammautumiseen tai kuolemaan johtavia syitä. Tulehdukselliset mekanismit, jotka johtavat
synnytykseen tai sikiön vammautumiseen ovat huonosti tunnettuja. Tollin kaltaiset reseptorit (TLR)
ovat osa synnynnäisen immuniteetin puolustusjärjestelmää. Niiden tarkoitus on tunnistaa nopeasti
elimistölle vieraat, usein bakteeri- tai virusperäiset rakenteet ja käynnistää tulehdusvaste tuottamalla
tulehdusvälittäjäaineita. Nämä välittäjäaineet säätelevät tulehdusprosessia, toisaalta niiden liiallinen
tuotto voi aikuisilla johtaa elinvaurioihin kuten sydämen toimintahäiriöön. On esitetty että
tulehdusvälittäjäaineet käynnistäisivät myös ennenaikaisen synnytyksen IUI:ssa. TLR-reseptorien
merkityksestä sikiön tulehdusvasteessa tai synnytyksen käynnistymisessä on vain vähän tietoa.

Väitöskirjatyössä tutkittiin kokeellisen hiirimallin avulla bakteeriperäisen lipopolysakkaridin
(LPS) kykyä aiheuttaa sikiön tulehdusvaste, sekä muutoksia sikiön sydämen ja verenkierron
toiminnassa, riippuen LPS:n reitistä sikiöön. Toisaalta kokeellisella mallilla tutkittiin istukan kykyä
suojata sikiötä voimakkaalta tulehdusreaktiolta. Tarkoituksena oli tutkia myös sikiön kehitysasteen
vaikutusta LPS:n aiheuttamaan tulehdusvasteeseen.

Tutkimuksessa havaittiin LPS:n aiheuttavan kohdunsisäisen tulehduksen kun sitä annettiin
suoraan lapsiveteen. Sikiön sydämessä todettiin TLR4 lähetti-RNA:n ja proteiinin ilmentyminen sekä
nopea sytokiinien tuotannon lisääntyminen kuvastaen äkillistä tulehdusprosessia. Samanaikaisesti
ultraäänitutkimuksessa todettiin sikiön sydämen vaikea toimintahäiriö. Toisaalta, jos LPS annettiin
kantavalle emolle vatsaonteloon, tulehdusvälittäjäaineiden tuotannon lisääntymistä sikiössä ei
havaittu. Sen sijaan istukassa todettiin akuutti verentungos ja tulehdusvaste. Edellä kuvattu istukan
toimintahäiriö johti myös sikiön sydämen ja verenkierron toiminnan vaikeutumiseen huolimatta siitä,
ettei sikiön sydämessä havaittu tulehduksellista vastetta. Lisäksi sikiöstä ja istukasta saadut tulokset
viittaavat siihen, että TLR-reseptorit ovat mukana LPS:n tunnistamisessa ja äkillisen tulehdusvasteen
käynnistymisessä. 

Tutkimus antaa uutta tietoa raskauden aikaisista tulehduksellisista mekanismeista sekä sikiön
sydämen toiminnan äkillisistä muutoksista voimakkaan tulehduksen aikana. 

Asiasanat: lipopolysakkaridi, solukalvoreseptorit, sydämen vajaatoiminta, synnynnäinen
immuniteetti, sytokiinit
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Abe  Abequose 
ANP  Atrial natriuretic peptide 
AO  Aorta 
BNP  B-type natriuretic peptide 
BCA  Brachiocephalic artery 
CBA  Cytometric bead array 
CR  Complement receptor 
DA  Ductus arteriosus 
DAO  Descending aorta 
DV  Ductus venosus 
FHR  Fetal heart rate 
FO   Foramen ovale 
Gal  Galactose 
Gln  Glutamine 
i.a.  intra-amniotic 
ICA  Intracranial artery 
ICT  Isovolumetric contraction time 
IFN  Interferon 
IκB  NF-κB inhibitor 
IKK  NF-κB inhibitor kinase 
IL  Interleukin 
IL-1R  Interleukin-1 receptor 
IMP  Index of myocardial performance 
iNOS  Inducible nitric oxide synthase 
i.p.  Intraperitoneal 
IRAK  IL-1R associated kinase 
IRF  Interferon regulatory factor 
IRT  Isovolumetric relaxation time 
IVC  Inferior vena cava 
JNK  c-Jun NH2-terminal kinase 
KDO  2-keto-3-deoxyoctonic acid 



LBP  LPS binding protein 
LPS  Lipopolysaccharide 
LRR  Leucine rich repeat 
LTA  Lipoteichoic acid 
LHV  Left hepatic vein 
Mal  MyD88 adapter-like 
Man  Mannose 
MD  Myeloid differentiation 
MHC  Major histocompability complex 
MIF  Macrophage migration inhibitory factor 
MIP  Macrophage inflammatroy protein 
MSR  Macrophage scavenger receptor 
MyD  Myeloid differentiation factor 
NF-κB   Transcription factor κB 
NADPH  Nicotinamide-adenine dinucleotide phosphate 
NOD  Nucleotide-binding oligomerization domain 
NT-proANP N-terminal peptide of proatrial natriuretic peptide 
OFVmean Outflow mean velocity 
PAMP  Pathogen-associated molecular pattern 
PA  Pulmonary artery 
PBS  Phosphate buffered saline 
PG  Peptidoglykan 
PI  Pulsatility index 
PIV  Pulsatility index for veins 
PRR  Pattern recognition receptor 
Rha  Rhamnose 
RPA  Ribonuclease protection assay 
RT-PCR  Reverse transcriptase polymerase chain reaction 
SVC  Superior vena cava 
TIR  Toll/IL-1R 
TIRAP  Toll/IL-1R domain containig adapter protein 
TLR  Toll-like receptor 
TNF  Tumor necrosis factor 
TRAF  TNF receptor associated factor 
TRAM  TRIF-related adapter molecule 
TRIF  TIR containing adaptor molecule 
TVI  Time velocity integral 
UA  Umbilical artery 
UV  Umbilical vein 
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1 Introduction 

Prematurity and acute fetal distress are the leading causes of perinatal morbidity and 
mortality worldwide. Growing evidence suggests that the inflammatory responses 
induced by bacteria and viruses are the major causes leading to preterm delivery at less 
than 28 weeks of gestation. (Goldenberg et al. 2000) 

In intra-amniotic infection the endotoxin of gram-negative bacteria 
(lipopolysaccharide, LPS) or other microbes induce an inflammatory reaction in the 
placenta and the fetal membranes. These organisms may enter the fetal tissues via an 
ascending route from the vagina, through the fallopian tubes from the peritoneal cavity, 
or through hematogenous spread across the placenta. The basic mechanisms of host 
defense are traditionally divided into two categories, called innate (non-spesific) and 
adaptive immunity (antigen-specific). Organisms that reach the fetal compartment may 
elicit fetal antigen-specific immune responses, but these responses are usually immature 
and ineffective. The innate immune responses are triggered by pathogen-associated 
pattern molecules (PAMPs) such as LPS or other microbial components which are 
recognized by pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs). 
(Medzhitov 2001) 

In adults, “systemic inflammatory response syndrome” (SIRS) is a severe consequence 
of infection or trauma (Rangel-Frausto et al. 1995). Patients with SIRS suffer from fever, 
tachycardia, tachypnea, and hypothermia. Evidence from previous studies suggests that 
these clinical signs are mainly caused by excess of circulating cytokines. Cardiac 
dysfunction has been described in patients at the end state of both in SIRS and sepsis 
(Court et al. 2002). Romero and co-workers showed that intra-amniotic infection (IAI) is 
associated with increased IL-6 in fetal plasma, proposed to be a sign of “Fetal 
inflammatory response syndrome” (FIRS) (Gomez et al. 1998). Since then FIRS and IAI 
have been associated with cardio-respiratory failure, pneumonia, chronic lung disease, 
intraventricular hemorrhage, and periventricular leukomalacia in newborn babies. The 
placenta has a unique role as the organ responsible for the wellbeing of the developing 
fetus. In part, it protects the fetus from infectious agents. On the other hand, severe 
placental inflammation is also evident in many cases of sudden fetal death (Goldenberg & 
Thompson 2003), and the pathophysiological mechanisms leading to these events are not 
known.  
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A number of in vivo and in vitro experiments have been performed to study the 
mechanism of LPS-induced cardiac depression in adults. However, the relationship 
between intra-amniotic infection, fetal inflammatory response, and fetal cardiac 
dysfunction has not been studied. According to previous studies, cardiodepression by 
LPS is mediated by proinflammatory cytokines and excessive nitric oxide (NO), 
generated as a result of the induction of inducible nitric oxide synthase (NOS2, 
iNOS)(Nomura et al. 2000, Kawahara et al. 2001, Paik et al. 2003, Hirata et al. 2004). 
On the other hand, NO-independent cardiodepression by LPS has been described 
(Visintin et al. 2001, Lee et al. 2004). Studies of adult mice with defective TLR4 
signaling suggest that TLR4 mediates LPS-induced cardiac dysfunction (Baumgarten et 
al. 2001).  

Noninvasive Doppler ultrasonography has been used to evaluate normal physiologic 
development and pathophysiologic changes in human fetuses as well as in experimental 
studies of sheep fetuses (Acharya et al. 2004, Makikallio et al. 2005). Recently this 
technique has been applied to investigate the cardiovascular physiology in mouse fetuses 
and chick embryos (Gui et al. 1996b) .   

In the present study, a novel mouse model of intra-amniotic infection was developed.  
The model was used to investigate the acute effects of LPS in the fetal compartment. An 
Doppler ultrasonographic technique and specific biochemical markers were used to 
evaluate the hemodynamic alterations in the fetus in detail, and the key results were 
confirmed using a direct in vitro approach. In addition, the contribution of the length of 
gestation and the fetoplacental inflammatory response to maternally administered LPS 
were studied. 



2 Review of the literature 

2.1  Innate immunity 

All multicellular organisms have evolved immune systems that activate in the battle 
against invasive pathogens. Innate immunity is the most universal and the most rapidly 
activated type of immunity. In fact, most primitive organisms survive through the innate 
immune system alone. Innate immunity includes physiological barriers such as skin and 
mucosal surfaces, chemical substances able to neutralize microorganisms, and specific 
cell types able to engulf and digest foreign particles. The innate immune system is also 
thought to be non-adaptive e.g. the reaction to encountering a foreign substance does not 
change when repeated. In vertebrates, an alternative system for pathogen recognition and 
elimination, called adaptive immunity, has evolved. In these organisms, innate immunity 
serves as a first-line defense restricting the infectious challenge and at a same time 
allowing time for adaptive immunity to develop. The main difference between the innate 
and the adaptive types of immunity lies in the mechanisms and receptors used for the 
pathogen recognition. Innate immune recognition is mediated trough germ-line-encoded 
receptors which have developed over millions of years. In contrast, the receptors of 
adaptive immunity are generated somatically during the development of immune cells 
called T and B lymphocytes. Thus, these receptors cannot be passed on to the next 
generation. (Kimbrell & Beutler 2001) 

The strategy of the innate immune system has been refined over a longer period of 
time than that of the adaptive system and it focuses on a few highly conserved and 
essential structures of pathogens. These molecules are components of microbes, referred 
to as pathogen-associated molecular patterns, PAMPs. The receptors recognizing PAMPs 
are called pattern recognition receptors, PRRs. The PAMPs include for example, bacterial 
lipopolysaccharide (endotoxin, LPS), peptidoglycan, lipoteichoic acid, bacterial DNA, 
double-stranded RNA from viruses, yeast wall mannans and flagellin. On the other hand, 
the PRRs of the innate immune system are expressed in many effector cells of the 
immune system. These include macrophages and monocytes, but also dendritic cells, B 
cells, epithelial cells, endothelial cells, and other cell types. Recognition of PAMPs by 
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PRRs eventually results in activation of phagocytosis and induction of proinflammatory 
response. (Medzhitov & Janeway, Jr. 2000, Hallman et al. 2001, Beutler 2004b) 

In comparison with innate immunity, adaptive immunity is shaped by two cell types, T 
cells and B cells. The recognition receptors in the adaptive immune system are generated 
more or less randomly by genetic mechanisms and thus, each lymphocyte displays 
structurally unique receptor. Those with “useful” receptors are eventually chosen for 
clonal expansion when they encounter an antigen that they are specific for. Because of 
this, lymphocytes may contain receptors that recognize not only microbes but also 
harmless environmental antigens and self-antigens of the host. Another “weakness” of 
adaptive immunity is that the receptors, no matter how beneficial they may be, must be 
established by every generation. (Medzhitov & Janeway, Jr. 2000) 

Since lymphocytes were evolved a very long time period ago, the ancient innate 
system has taken part in regulating the development of the adaptive immune response. A 
good example of the interplay between the innate and the adaptive systems is the antigen-
presenting function. Endocytic PRRs of phagocytic cells mediate the uptake and delivery 
of PAMP into lysosomes where it is destroyed. Finally, the pathogen-derived proteins can 
be processed into peptides, which are presented by major histocompatibility complex 
(MHC)-molecules to immune cells of the adaptive system. Without this phenomenon and 
without the production of inflammatory mediators of innate immune origin the adaptive 
system does not develop properly. (Beutler 2004a) 

2.2  Pathogen associated molecular patterns (PAMP) 

A wide variety of pathogen-associated molecular patterns (PAMPs) of bacterial, fungal, 
protozoal, and viral origin are able at activating innate immune responses. The response 
has been focused on the highly conserved structures of the microorganisms although 
microbes themselves are very heterogeneous. The PAMPs are chemically quite different, 
but they all share common features. First, PAMPs are only produced by microbial 
pathogens, not by the host. Second, the recognized patterns are usually essential for the 
survival or pathogenity of the microorganism. Third, PAMPs are usually conserved 
structures shared by a large number of pathogens. It is worth noting that the term PAMP 
may be considered somewhat misleading: It is not “molecular patterns” that are 
recognized but the specific molecules themselves. Moreover, it is not pathogens only but 
all microbes that are recognized. Even so, the terms “PAMP” and “PRR” are used in this 
review since no agreement has so far been reached in the debate over these terms. 
(Medzhitov & Janeway, Jr. 2000, Beutler 2004b) 

The best known and the most widely studied PAMP is LPS from gram-negative 
bacteria. Gram-positive bacteria do not contain lipopolysaccharides. Their cell wall 
consists mainly of lipoteichoic acid (LTA) and peptidoglycan (PG) (Ginsburg 2002). 
These two PAMPs are suggested to play a critical role in sepsis caused by gram-positive 
bacteria (Thiemermann 2002) such as Streptococcus pneumonie. In mice, LTA has also 
been studied as a trigger for preterm birth (Kajikawa et al. 1998). Other PAMPs include 
bacterial DNA, double-stranded RNA from viruses, lipoarabinomannan from 
mycobacteria, flagellin, and mannans from yeast. One pathogen may express several 
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PAMPs and thus result in a robust innate immune response. (Medzhitov & Janeway, Jr. 
2000) 

2.2.1  Lipopolysaccharide (LPS) 

The systematic studies by Peter Panum of the toxic effects of putrescent material from 
plants and animals in the mid-19th century led to the conclusion that the toxic substance 
originates from the living organism. Eventually sepsin, also called “putrid poison” was 
isolated and purified from infected tissues and a substance that we call “endotoxin” or 
LPS was found. Richard Pfeiffer gave endotoxin its name when studying heat–inactivated 
lysates of Vibrio cholerae. He found out that a heat-stable derivative of the microbes 
could induce fever and shock. Several decades later LPS was chemically characterized 
and its general structure in all gram-negative bacteria was described. (Raetz & Whitfield 
2002) 

LPS is a major constituent of the outer membrane of Gram-negative bacteria and a 
prerequisite for bacterial viability. The LPS molecule is not toxic when incorporated into 
the bacterial membrane but when released the toxic part of LPS, lipid A, is exposed to the 
immune system. On the other hand, mammals are in permanent contact with bacteria and 
their LPS. Low doses of LPS are thought even to be beneficial for the host (Fan & Cook 
2004). Among other cell wall constituents, LPS is released from bacteria when they 
multiply but also when the bacteria die or lyse (Hellman et al. 2000). Additionally, some 
antibiotics are known to cause the release of excess LPS from bacteria (Crosby et al. 
1994). It has been shown that LPS is able to generate a cell response at concentrations as 
low as 1 pg/ml (Brown et al. 1994). During severe Gram-negative bacterial infections 
e.g. sepsis, larger amounts of LPS in the bloodstream are found. This phenomenon which 
is also known as endotoxemia, is associated with dramatic pathophysiological reactions, 
including fever, tachycardia, leucopenia, tachypnea, hypotension, and disseminated 
intravascular coagulation (Fig. 1) (Van Amersfoort et al. 2003). In the presence of 
abundant LPS release into the bloodstream, the ultimate cause of death may be multiple 
organ failure (Cohen 2002).  



 20

Fig. 1. Schematic presentation of LPS-induced events leading to sepsis. Modified from (Cohen 
2002). 
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KDO. The smallest LPS produced by Gram-negative bacteria is so called Re-LPS 
containing only lipid A and one KDO. 

 

 

Fig. 2. Basic structure of lipopolysaccharide. 
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response leading to activation of the immune system, LPS must bind specifically to its 
receptor on the membrane of immunocompetent cell. Quite recently, Toll-like receptors 
(TLR) were identified as the signaling receptors for LPS and a variety of other microbial 
constituents (Rock et al. 1998). This receptor family will be described in detail below. 

The molecules that recognize LPS and are essential for inducing the inflammatory 
signaling cascade via TLRs are rather well described. The lipopolysaccharide-binding 
protein (LBP) is present in human serum and its concentration increases during the acute-
phase response (Schumann et al. 1990). It forms high-affinity complexes with LPSs, 
which in turn are recognized by another molecule called CD14. Interestingly, it was 
recently shown that, at low concentrations, LBP intercalates into cell membranes as a 
transmembrane protein that can bind LPS aggregates and enhance LPS-induced responses 
(Gutsmann et al. 2001). However, the membrane-bound glycoprotein mCD14 is 
identified as the main receptor involved in LPS-induced cellular activation (Wright et al. 
1990). Mice overexpressing human CD14 are three times more sensitive to LPS than 
wild-type mice (Ferrero et al. 1993). On the other hand, CD14-deficient mice are highly 
resistant to a challenge with LPS (Haziot et al. 1996). In addition to mCD14, myeloid 
cells produce sCD14 which is a soluble form of the same molecule (Liu et al. 1998). For 
example, endothelial and epithelial cells that do not express mCD14 become up to 10000-
fold more responsive to LPS in the presence of serum with sCD14 (Frey et al. 1992). 
Because CD14 lacks a transmembrane domain, it cannot alone provide direct cell 
signalling, and additional membrane molecules are required for intracellular activation. 
The downstream signalling is described in the chapter discussing TLR4.  

2.3  Pattern recognition receptors 

Functionally PRRs can be divided into three classes: secreted, endocytic and those that 
mediate signaling. Mannan-binding lectin is a good example of secreted PRRs (van de 
Wetering et al. 2004). Together with the surfactant proteins SP-A and SP-D and a few 
others, they form a structurally related family of collectins. These molecules function as 
opsonins by binding to microbial cell walls and presenting them to the complement 
system and phagocytes (Fraser et al. 1998). Endocytic PRRs occur on the surface of 
phagocytes. When recognizing PAMPs, these receptors mediate the uptake and delivery 
of the pathogen into lysosomes, where it is destroyed. The microbial end products can 
then be processed and the resulting peptide presented to MHC molecules on the surface 
of the macrophage. The macrophage scavenger receptor is a typical endocytic PRR, as it 
binds to bacterial cell walls and plays an essential role in the clearance of bacteria from 
the circulation (Thomas et al. 2000). The signaling PRRs recognize PAMPs and activate 
signal transduction pathways that induce the expression of multiple genes involved in 
innate immunity. The recently identified receptors of the TLR family appear to have a 
major role in the induction of immune and inflammatory responses. 

More recently, several additional pathways for PAMP recognition have been 
discovered. A family of peptidoglycan recognition proteins (PGRP) were identified in 
Drosophila (Werner et al. 2000) and human (Liu et al. 2001a) and they were associated 
in recognition of both gram-positive (Michel et al. 2001) and gram-negative (Gottar et al. 
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2002, Ramet et al. 2002) bacteria. The triggering receptor expressed on myeloid cells 
(TREM-1) and the myeloid DAP12-associating lectin (MDL-1) are the most recently 
discovered receptors involved in the activation of monocytes and inflammatory response 
(Bakker et al. 1999, Bouchon et al. 2000). Finally, a family of monocytic intracellular 
proteins called nucleotide-binding oligomerization domain e.g. NOD1 and NOD2, has 
been characterized. NOD1 has been shown to bind and to confer responsiveness to LPS 
(Inohara et al. 2001). Clearly one can assume that the currently known recognition 
patterns of innate immunity may be merely the tip of an iceberg. 

2.4  Toll-like receptors 

The discovery of Toll-like receptors (TLR) began with the identification of Toll, a 
receptor expressed in Drosophila fly which was found to be essential for establishing 
dorsoventral polarity during embryogenesis (Anderson et al. 1985, Hashimoto et al. 
1988). Later, the essential role of the Toll receptor in the insect immune response against 
fungal infection was reported (Lemaitre et al. 1996). Remarkably, the sequence of the 
cytoplasmic domain of the Toll protein was found to be similar to the cytoplasmic 
domain of the mammalian interleukin-1 receptor (IL-1R) (Gay & Keith 1991). However, 
IL-1R differs from Toll in its extracellular domains and does not act as a primary sensor 
of microbial infection. Still, these findings eventually led to the discovery of human TLR 
(later named TLR4) by Charles Janeway and his colleagues (Medzhitov et al. 1997). A 
year later, Poltorak and his co-workers showed that the very same receptor is responsible 
for the recognition of LPS and the cellular responses following this event (Poltorak et al. 
1998a). Since then, at least 10 human TLR molecules have been identified (Rock et al. 
1998, Chaudhary et al. 1998, Sebastiani et al. 2000, Chuang & Ulevitch 2000, Takeuchi 
et al. 2001, Chuang & Ulevitch 2001, Zhang et al. 2004). Although the exact number of 
genes may differ between species, it is likely that most mammalian species have 10-15 
TLRs.  

TLRs are transmembrane proteins with an extracellular domain consisting of leucine-
rich repeats (LRR) followed by a cysteine-rich region (CRR) and a cytoplasmic domain 
called the Toll/IL-1 receptor- or the TIR domain. Cell signaling downstream of 
Drosophila Toll, TLRs, and IL-1R is very similar owing to this domain. TLRs are 
expressed by myelomonocytic cells and endothelial and epithelial cells as well as cells 
from various organ systems. However, the expression levels and the cellular responses 
may vary, depending on the cell type and the receptor (Muzio et al. 2000c, Zarember & 
Godowski 2002). TLRs detect multiple PAMPs (Takeda et al. 2003), including LPS 
(detected by TLR4), bacterial lipoproteins and lipoteichoic acids (TLR2), flagellin 
(TLR5), the unmethylated CpG DNA of bacteria and viruses (TLR9), double-stranded 
RNA (TLR3), and single-stranded viral RNA (TLR7) (Heil et al. 2004)(Table 1). When 
ligand binds to the extracellular domain of TLR, IL-1R, or Toll, the TIR domain recruits 
TIR-containing adaptor molecules, including myeloid differentiation factor (MyD)-88. 
This signaling sequence ultimately leads to an immune response in the cell (Fig. 3) 
(O'Neill et al. 2003). Interestingly, TLRs have been shown to function as homo- or 
heterodimers. For example, TLR2 activity is increased by heterodimerization with TLR1 
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or TLR6, while TLR4 may form only homodimers (Ozinsky et al. 2000, Hajjar et al. 
2001, Zhang et al. 2002). It has been suggested that, due to heterodimerization, TLRs 
may recognize several different kinds of PAMPs.  

Fig. 3. Toll/IL-1 receptor domain in host defense pathway. 
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Table 1. Ligands of Toll-like receptors 

Toll-like receptor Ligand(s) 
TLR1 Signals as a dimer with TLR2 

Tri-acyl lipopeptides (bacteria) 
Soluble factors (neisseria meningitides) 

TLR2 (Peptidoglycan) 
Lipoteichoic acid 
Lipoarabinomannan 
Hemagglutinin protein of wild type measles 
Herpes simplex virus (HSV) 1 

TLR3 Double-stranded RNA (virus) 
TLR4 LPS from Gram-negative (requires coreceptors) 

F protein of respiratory syncytial virus  
HSP60 and 70 (host) 
Fibrinogen (host) 
Beta defensin (host) 

TLR5 Flagellin from Gram-negative bacteria 
TLR6 See also TLR2 

Phenol-soluble modulin 
Di-acyl lipopeptides 

TLR7 Imidazoquinolines (synthetic anti-viral compounds) 
Single stranded RNA 

TLR8 Imidazoquinolines (synthetic anti-viral compounds) 
Single stranded RNA 

TLR9 Unmethylated CpGDNA (bacteria) 
HSV DNA (virus) 

TLR10 Unknown 

2.4.1  Toll-like receptor 4 (TLR4) 

More than 30 years ago, mice of the C3H/HeJ strain were found to show a defective 
response to bacterial endotoxin (Sultzer 1968, Rosenstreich et al. 1977, Apte et al. 1977). 
Genetic analysis of LPS resistance revealed a single gene locus (Lps). Later the same 
locus was found to be identical to TLR4 gene (Poltorak et al. 1998a). Both positional 
cloning and, later, generation of TLR4 knock out mice have shown that TLR4 is essential 
for LPS signaling (Hoshino et al. 1999). 

2.4.1.1  Structure and deficiency of TLR4 

TLR4 has been mapped to the mouse chromosome 4 (Poltorak et al. 1998b) and the 
human chromosome 9q32-33 (Rock et al. 1998). The length of human gene is 19 kb and 
it consists of three exons. The mouse gene is structurally similar, however, the length is 
91.7 kb due to the longer intronic sequences (Smirnova et al. 2000). Human TLR4 is a 
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type I integral membrane protein with a molecular mass of 92 kDa (Medzhitov et al. 
1997). The extracellular domain of human TLR4 contains 21 copies of LRRs, while 
mouse TLR4 contains 19 LRRs (Medzhitov et al. 1997). In addition, it contains 9 N-
glycosylation sites, which are important for the functional integrity of the receptor and for 
the transport of the protein to the cell surface (da Silva & Ulevitch 2002). Similarly to 
other the TLRs, TLR4 signaling starts with the TIR domain, a motif of ~160 amino acids 
found in the cytosolic domain of the receptor (O'Neill et al. 2003).  

The hyporesponsive C3H/HeJ mouse has a single missense mutation in the third exon 
of the TLR4 gene, whereas another LPS-hyporesponsive strain, C57BL/10ScCr is 
homozygous for a null mutation of TLR4 (Sultzer 1968, Coutinho et al. 1977). The TLR4 
knockout mouse generated by Hoshino and coworkers has the same phenotype as the 
naturally occurring TLR4-mutant mice (Hoshino et al. 1999). These mice develop 
normally, but show no response to LPS or synthetic lipid A. Still, they are highly 
susceptible to infections caused by Gram-negative bacteria. In humans, total lack of 
TLR4 has not been described. However, the mutations in the TLR4 gene are associated 
with hyporesponsiveness to inhaled LPS (Arbour et al. 2000). The human TLR4 
polymorphisms were also associated with increased susceptibility to severe infections 
with Gram-negative bacteria (Lorenz et al. 2002b, Leveque et al. 2003) and preterm birth 
in a Finnish population (Lorenz et al. 2002a). The biological significance of TLR4 in 
overall is incompletely understood.  

2.4.1.2  Expression of TLR4 

TLR4 is expressed mainly in circulating and tissue-specific immunocompetent cells such 
as monocytes, macrophages and dendritic cells (Muzio et al. 2000b). However, many 
other cell types, such as cardiomyocytes (Frantz et al. 1999), placental trophoblasts 
(Holmlund et al. 2002), fetal enterocytes (Fusunyan et al. 2001), endothelial cells (Faure 
et al. 2000), epithelial cells (Cario et al. 2000a), gastric pit cells (Kawahara et al. 2001), 
osteoblasts (Kikuchi et al. 2001), adipocytes (Lin et al. 2000a), smooth muscle cells 
(Watari et al. 2000a), hepatic Kuppfer and stellate cells (Su et al. 2000, Paik et al. 2003), 
keratinocytes (Pivarcsi et al. 2003a), and fibroblasts (Wang et al. 2001), express TLR4.  

The number of TLR4 molecules on the surface of the monocyte is small: only ~1.300 
molecules per monocyte (Visintin et al. 2001). These findings have led some 
investigators to suggest that TLR4 expression is the limiting factor in the response to 
LPS. The level of TLR4 expression is modulated by LPS, other microbial products such 
as liporoteins from Gram-positive bacteria, and inflammatory mediators such as Tumor 
necrosis factor (TNF)- alpha (Armstrong et al. 2004a, Armstrong et al. 2004b, Muzio et 
al. 2000c) On the other hand the expression is downregulated by anti-inflammatory 
mediators such as interleukin-10 (Muzio et al. 2000a). It seems, however, that the 
changes in expression may be tissue- and cell-specific. As an example, after LPS 
injection into adult mice, the expressions were increased in heart and lung and decreased 
in brains, whereas expression levels in liver parenchymal cells, kidneys and spleen 
remained unchanged (Matsumura et al. 2000). While LPS is known to induce an increase 
in TLR4 expression in a number of cell types, the surface expression of TLR4 has been 
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shown to decrease in murine macrophages (Matsuguchi et al. 2000) and human 
monocytes (Bosisio et al. 2002). LPS tolerance, a phenomenon demonstrated in 
experiments with repeated LPS challenges in vitro, has been associated with decreased 
expression of TLR4 (Nomura et al. 2000, Medvedev et al. 2000). 

2.4.1.3  Signaling 

TLR4 signaling is activated by its ligand. LPS is the most widely studied known ligand of 
TLR4 (Table 1). LBP, CD14, and a transmembrane protein called myeloid differentiation 
(MD)-2 are required for TLR4-mediated recognition of LPS at the cell surface (Hoshino 
et al. 1999). Recent studies suggest that the main role of CD14 is to load LPS onto the 
MD-2/TLR4 complex (Akashi et al. 2003). At the cell membrane, LPS binds to MD-2, 
which, in turn, associates with TLR4 via LRRs, further inducing TLR4 aggregation and 
signaling (Visintin et al. 2003). The following steps in the TLR4 signaling cascade 
include recruitment of various important adaptor proteins (Fig. 4). These include MyD88, 
MyD88 adaptor-like protein (Mal, a.k.a. TIRAP), TIR-containing adaptor molecule 
(TRIF, a.k.a. TICAM-1), and TRIF-related adapter molecule (TRAM, a.k.a. TICAM-2) 
(Fitzgerald et al. 2001).  

The signaling cascade can be divided into two different pathways: an early MyD88-
dependent response and a delayed MyD88-independent response. In the MyD88-
dependent cascade, LPS binds with the help of CD14 to MD-2 and TLR4. This induces 
homodimerization of TLR4, which then leads to recruitment of MyD88 and Mal into the 
receptor complex. The intracellular signaling cascade starts by the association of the 
receptor complex with IRAK (Wesche et al. 1997, Kanakaraj et al. 1998), which in turn 
associates with the adapter molecule TNF receptor-associated factor (TRAF)6 (Cao et al. 
1996). Once activated, TRAF6 associates with TAB-2, resulting in the activation of the 
mitogen-activated protein (MAP) kinase TAK-1 (Malinin et al. 1997). Importantly, TAK-
1 serves as a common activator of NF-κB, the p38 pathway, and the c-jun N-terminal 
kinase (JNK) MAPK pathway (Johnson & Lapadat 2002). Next, in the NF-κB pathway 
the NF-κB inhibitor kinases (IKK) are activated (Ling et al. 1998, Takeda et al. 1999). 
Phosphorylation of a set of inhibitory binding proteins κB (IκB) results in their 
degradation and in release of NF-κB which can then translocate into the nucleus 
(Mercurio et al. 1997, Woronicz et al. 1997, Zandi et al. 1997). Once NF-κB has been 
translocated to the cell nucleus it induces the transcriptional activation of a variety of 
inflammatory response genes.  

The MyD88-independent pathway is responsible for the delayed activation of NF-κB. 
The main adapter of this pathway was found to be TRIF (Yamamoto et al. 2002), a.k.a. 
TICAM-1 (Oshiumi et al. 2003a). In addition, TRIF has been associated with the 
activation of the interferon regulatory factor (IRF)-3 and the induction of IFN-β by LPS 
(Yamamoto et al. 2003). The adapter bridging TRIF to TLR4 has been found to be 
TRAM (or TICAM-2) (Fitzgerald et al. 2003, Oshiumi et al. 2003b). The later steps in 
the activation of NF-κB involve TRIF binding to TRAF6, from where the events leading 
to NF-κB activation follow quite the same path as in the MyD88-depedent pathway.  
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Fig. 4. Schematic illustration of the signaling cascade stimulated by LPS. Modified from 
(Cohen 2002). 
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showed that TLR2 does not detect highly purified PGs. On the contrary, the stimulatory 
activity of PGs is proposed to be dependent on the presence of LTA or lipoproteins 
(Travassos et al. 2004). 

2.4.2.2  Structure and deficiency of TLR2 

The human TLR2 gene consists of three exons, and it has been mapped to chromosome 
4q32 (Rock et al. 1998). The TLR2 protein has a molecular mass of 85-kDa (Zhang et al. 
1999). The structure of the receptor is similar to the other TLRs consisting of an 
extracellular domain with 18-20 LRRs and an intracellular TIR domain, which starts the 
signaling cascade (Kirschning & Schumann 2002).  

The deficiency of TLR2 has been studied using knockout mice. These mice showed 
reduced clearance of Gram-positive bacterial products and enhanced inflammation 
(Echchannaoui et al. 2002). Similarly to TLR4, total lack of TLR2 has not been described 
in humans. Kang and co-workers have shown that patients with lepromatous leprosy have 
a higher incidence of TLR2 mutation than controls suffering from tuberculous leprosy 
(Kang & Chae 2001). In vitro studies on the same mutation demonstrated decreased 
production of TNF-α in response to M. tuberculosis and M. leprae (Bochud et al. 2003). 
In addition, the mutation is associated with susceptibility to staphylococcal septicemia 
(Lorenz et al. 2000).  

2.4.2.3  Expression of TLR2 

TLR2 is mainly found in myeloid cells (Muzio et al. 2000c), endothelial (Kim et al. 
2004) and epithelial cells (Cario et al. 2000b). The other cell types suggested for TLR2 
production are adipocytes (Lin et al. 2000b), fibroblasts (Mori et al. 2003), keratinocytes 
(Pivarcsi et al. 2003b), type II alveolar cells (Droemann et al. 2003), hepatocytes 
(Matsumura et al. 2003), smooth muscle cells (Watari et al. 2000b), and cardiac 
myocytes (Frantz et al. 2001). 

The expression of TLR2 is modulated by various microbial products and inflammatory 
mediators (Liu et al. 2000, Miettinen et al. 2001, Mita et al. 2001, Liu et al. 2001b, 
Talreja et al. 2004). On the other hand, depending on the cell type and the stimulus TLR4 
and TLR2 are differentially regulated (Muzio et al. 2000a). In fact, even unpurified LPS 
is known to increase TLR2 expression (Laflamme et al. 2001, Mandell et al. 2004).  

2.4.2.4  Signaling 

The diverse ability of TLR2 to sense various microbial components may be explained 
partly by the cooperation of TLR2 with TLR1 and TLR6. In contrast to TLR4, TLR2 can 
form heterodimers with TLR1 and TLR6, which in themselves can not signal as 
homodimers (Ozinsky et al. 2000). Moreover, Ozinsky and co-workers showed that the 
signaling domain of TLR2 is not equivalent to that of TLR4 and cannot induce cytokine 



 30

production as a homodimer complex in vitro. There are, however, a number of other 
ligands that appear to be dependent on TLR2 for the induction of immune effects but do 
not need the presence of TLR1 or TLR6 (Yoshimura et al. 1999, Means et al. 1999, 
Girard et al. 2003). This may imply heterodimerization with other molecules. On the 
other hand, it is possible that in vivo homodimerization may take place in some extent.  

It has been shown that CD14, similarly to TLR4, enhances the recognition of many 
specific ligands by TLR2 (Means et al. 1999, Henneke et al. 2001, Flo et al. 2002). The 
downstream signaling pathway follows a similar pattern as that of IL-1R/TLR4, leading 
to the activation on NF-κB and the production of inflammatory mediators (Wetzler 2003).  

2.5  Cytokines and other inflammatory mediators 

Cytokines consist of a large group of soluble polypeptide mediators, which play a role in 
various events, including inflammation, hematopoiesis, development, and tissue repair. 
Together they form complicated networks, interacting with each other and their target 
cells. Interleukins (IL), interferons (IFN), chemokines, and growth factors are just a few 
examples of the mediators that belong to the cytokine family. The production of 
cytokines may be launched when an immunocompetent cell recognizes the microbial 
component (Dinarello 2000a). A good example is the previously described TLR-signaling 
cascade induced by LPS, which leads to the activation of NF-κB and ultimately the 
transcriptional activation of cytokine genes. In viral infections, besides directly 
recognizing the viral molecule, the replication of the virus inside the cell activates the 
transcription factors and the production of cytokines (Julkunen et al. 2001).  

Cytokines are normally secreted by stimulated cells. Cytokines typically have 
autocrine and paracrine effects, i.e. act locally. However, if cytokines are secreted in large 
amounts, they may enter the bloodstream and have endocrine effects. Although cytokines 
are structurally diverse, they always mediate their actions via specific receptors. 
Characteristically, their receptor-binding affinity is very high, meaning that they are 
biologically active even when present in very small amounts. One cytokine may have a 
variety of actions depending on cell type. On the other hand, similar activity may be 
performed by another cytokine. Thus for example, knockout mice deficient of one 
cytokine may have a normal phenotype. In the past few decades, cytokines and cytokine 
inhibitors have shown their therapeutic potential in many inflammatory diseases. (Opal & 
DePalo 2000, Dinarello 2000a) 

When cytokines are considered only as a part of the innate immunity system, they can 
be divided roughly into proinflammatory ones, such TNF-α, and anti-inflammatory ones, 
such as IL-10. Proinflammatory cytokines are secreted by cells in response to a stimulus 
caused by LPS or another microbial component, and they thus play an important role in 
early inflammatory reactions. IL-10 being one anti-inflammatory mediator, is a major 
inhibitor of macrophage. It downregulates and restrains many reactions of the 
inflammatory response. It is known, however, that all anti-inflammatory cytokines also 
have at least some proinflammatory properties as well. (Rouveix 1997, Boraschi et al. 
1998) 
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Below, only those cytokines and inflammatory mediators that were the primary 
subjects of the present study are briefly desbribed. 

2.5.1  Tumor necrosis factor-α 

TNF-α was discovered as a serum factor produced in mice treated with LPS. Later, it was 
observed that this factor also had strong anti-tumor activity against tumors implanted in 
the mouse skin (Carswell et al. 1975). The factor called Tumor necrosis factor was 
molecularly characterized (Aggarwal et al. 1985) and it has since been one of the most 
actively studied cytokines.  

Typically TNF-α is produced very rapidly and abundantly as a response to an acute 
infectious challenge. The main source of TNF-α is an activated macrophage, but 
expression has also been found in lymphocytes, mast cells, Kuppfer cells, and many other 
cell types. TNF-α is a type II protein produced as a homotrimer which is cleaved by a 
membrane-bound enzyme into a pyramid-like secreted 51 kDa homotrimer. All 
mammalian cell types express TNF-α receptor, meaning that any cell can be a target of 
this cytokine. There are two types of TNF-α receptors: TNF-RI and TNF-RII. TNF-RI is 
responsible for most of the biologic effects of TNF-α. (Darnay & Aggarwal 1999) 

TNF-α has many biological effects, the most important being the induction and 
promotion of inflammatory reactions. It induces macrophages and other cells to produce 
chemokines and cytokines, e.g. IL-1. In some cells, it may induce apoptosis leading to 
cell death. In sepsis or severe trauma, the secreted amounts of TNF-α are high, and TNF-
α has endocrine effects. In the central nervous system, it induces the production of 
prostaglandins, resulting in fever. In liver, high circulating TNF-α level induce the 
production of acute phase proteins. TNF-α may cause cardiac dysfunction by disturbing 
the calcium influx in cardiac myocytes and thereby inhibiting contractility. It may 
decrease smooth muscle tone, causing loss of blood pressure. In addition, very large 
concentrations of TNF-α cause disseminated intravascular coagulation and decrease in 
the blood glucose concentration. A combination of these effects is found in severe sepsis 
which may result in death. (Aggarwal 2003, Cain et al. 1999)  

The role of TNF-α as an pathogenic factor in autoimmune diseases was the major 
breakthrough in cytokine and immunological research during the past decade. Antibodies 
against TNF-α and soluble receptors for TNF-α are being used to treat rheumatoid 
arthritis and Crohn’s disease with success. In acute infectious diseases such as sepsis, 
however, anticytokine-based therapies have been a disappointment. One reason may be 
that, in severe infections, the proinflammatory mediators tend to have beneficial effects 
as well, and balance in the cytokine network is essential. (Suryaprasad & Prindiville 
2003) 

2.5.2  Interleukin-1 

IL-1 is another typical proinflammatory cytokine, which possesses many characteristics 
similar to TNF-α. There are two isoforms of IL-1: IL-1α and IL-1β, and their biological 
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activities are thought to be more or less indistinguishable. The naturally occurring IL-1 
receptor antagonist (IL-1ra) is a third member of the IL-1 fnmily. It is structurally similar 
to IL-1β, but lacks agonistic activity and has thus been used in clinical trials to reduce IL-
1 activity (Bresnihan et al. 1998). The main cellular sources of IL-1 are macrophages 
activated by bacterial components, other cytokines and non-microbial factors. There are 
also other cells that are known to produce small amounts of IL-1, such as endothelial and 
epithelial cells. Both IL-1α and –β are synthesized as 33 kDa precursors, which are then 
enzymatically cleaved into the 17 kDa active protein which is secreted. IL-1α is also fully 
active as in the precursor form but remains mostly intracellular. (Dinarello 1996) 

IL-1 has a wide range of target cells including endothelial cells, fibroblasts, smooth 
muscle cells, epithelial cells, hepatocytes, keratinocytes, epidermal dendritic cells, and T 
lymphocytes. These cells prominently express IL-1 receptor type I (1RI), which is the 
primary signal-transducing receptor of IL-1. As above mentioned, the IL-1 receptor 
shares structural similarity with TLRs and other TIR family receptors. IL-1RI binds IL-
1α, IL–1β and IL-1Ra at the same affinity, and it is known that IL-1RI-deficient mice 
have a decreased inflammatory response to IL-1 (Labow et al. 1997). The type II receptor 
lacking the cytosolic domain appears to act as a decoy molecule, preventing the binding 
of IL-1 to the type I receptor. Similarly to the soluble forms of TNF receptors, the 
extracellular parts of the two IL-1 receptors are present in a soluble form in humans. 
Together with IL-1Ra and “decoy” receptors they regulate IL-1 activity. (Dinarello 1991, 
Slack et al. 1993) 

The physiological effects of IL-1 are very similar and often additive or synergistic to 
those of TNF-α: they both induce and promote inflammatory reactions. There are various 
in vitro and in vivo studies on multiple cells and species with either IL-1α or IL-1β 
without much species specificity. IL-1 activates the production of secondary substances 
that mediate inflammation and tissue remodeling. In endothelial cells, it induces platelet 
activating factor (PAF), inducible nitric oxide synthase (iNOS), and prostaglandin E 
(PGE), which reduce vascular resistance. It induces the migration of circulating 
leukocytes by increasing the production of chemokines and activates lymphocytes. It may 
activate osteoclast precursor cells leading to increased bone resorption. Besides anti-TNF 
therapy, IL-1ra treatment is also used in patients with rheumatoid arthritis. (Dinarello 
2000b, Fleischmann et al. 2004) 

2.5.3  Interleukin-6 

IL-6 is produced by a variety of cells during infection or trauma and inflammatory 
challenge, and it has been described as both a pro- and an anti-inflammatory cytokine. 
TNF-α and IL-1 stimulate the production of IL-6 in a synergistic manner. The promoter 
region of the IL-6 gene contains many regulatory elements, allowing the induction of 
gene expression by various stimuli. Similarly to TNF-α and IL-1, NF-κB is considered 
the most important transcription factor regulating IL-6 production. IL-6 was first named a 
BSF-2, because it was described as a T cell factor that induces B cells to differentiate 
(Hirano et al. 1986). IL-6 has been shown also to possess a protective role as, for 
example, it suppresses neutrophil accumulation after intratracheal LPS challenge (Barton 
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& Jackson 1993). Excessive production of IL-6 has been found in inflammatory diseases 
such as rheumatoid arthritis and Crohn’s disease, but also in preterm labor. (Papanicolaou 
et al. 1998) 

The receptor complex of IL-6 consists of two different membrane bound 
glycoproteins, IL-6R and a signal-transducing element, gp130. Activation of IL-6R by 
IL-6 induces homodimerization of gp130, which initiates the signal transduction cascade. 
IL-6R is found mainly in immunocompetent cells and hepatocytes, whereas gp130 
expression is found in almost all cell types (Saito et al. 1992). IL-6R also has a soluble 
form that can activate gp130, even on cells that do not possess IL-6R on their membranes 
(Jones et al. 2001). The humanized anti-IL-6-receptor antibody has been evaluated as a 
therapeutic agent for many chronic inflammatory diseases in phase I-II trials. However, to 
gain full understanding and to benefit from anti-IL-6 therapy, further research is needed. 
(Jones et al. 2001, Nishimoto & Kishimoto 2004) 

2.5.4  Macrophage inflammatory protein (MIP)-2 

Mouse MIP-2 is a homolog to human IL-8. The name cehomkine refers to a cytokine that 
can attract cell to move towards a higher chemokine concentration. Chemokines consist 
of about 50 different small proteins which are produced in response to infection or an 
inflammatory stimulus. Different chemokines may selectively attract immunocompetent 
cells to the site of inflammation. Similarly to other cytokines the effects of chemokines 
are mediated through specific chemokine receptors. Four classes of chemokines have 
been described on the basis of the conserved cysteine residues on the mature protein. 
(Baggiolini 2001) 

MIP-2 is produced by monocytes and macrophages in response to an inflammatory 
stimulus. It was first purified as a chemotactic factor for neutrophils (Yoshimura et al. 
1987, Wolpe et al. 1989). MIP-2 and IL-8 belong to the group of CXC or α chemokines 
which have one amino acid residue separating the first two conserved cysteine residues. 
This chemokine acts primarily on neutrophils as a chemoattractant and activators, 
inducing neutrophil degranulation with release of myeloperoxidase and other enzymes. 
Most of them can also induce migration of human umbilical cord endothelial cells and 
angiogenesis. MIP-2 is highly chemotactic compared to the other chemokines and 
together with MIP-1, the major cytokine secreted from LPS-stimulated macrophages. 
(Wolpe et al. 1989, Harada et al. 1994) 

2.5.5  Monocyte chemoattractant protein (MCP)-1 

MCP-1 belongs to the group of chemokines which were first purified on the basis of their 
ability to attract monocytes (Valente et al. 1988) and later shown also to attract T 
lymphocytes and NK cells (Allavena et al. 1994). It also induces calcium uptake in 
monocytes and histamine release in basophils (Rollins et al. 1991, Bischoff et al. 1992). 
High MCP-1 levels have been associated with severe inflammatory diseases and 
processes, such as atherosclerosis (Yla-Herttuala et al. 1991), rheumatoid arthritis (Koch 
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et al. 1992) and intra-amniotic inflammation (Chaiworapongsa et al. 2002). NF-κB is 
another important transcription factor for MCP-1. MCP-1 expression has been observed 
in various cells and tissues, including macrophages, monocytes, endothelial cells (Sica et 
al. 1990), fibroblasts (Yoshimura & Leonard 1990), smooth muscle cells (Jiang et al. 
1990), and gestational tissues (Critchley et al. 1996, Denison et al. 1998).  

2.5.6  Inducible nitric oxide synthase (iNOS) 

Nitric oxide (NO) is an important intracellular and intercellular mediator which regulates 
diverse mechanisms, such as blood vessel tone, myocardial depression and immune 
responses. On the other hand, it is a cytotoxic molecule acting as a free radical in 
pathological processes. NO is a short-lived molecule which reacts rapidly with its targets 
and diffuses across membranes. NO is produced by a group of enzymes called NOS. 
These enzymes catalyze the production of NO and L-citrulline from L-Arginine, O2, and 
NAPDH-derived electrons. There are three isoforms of NOS: neuronal NOS (nNOS, 
NOS1), inducible NOS (iNOS, NOS2), and endothelial NOS (eNOS, NOS3). (Stuehr 
1999, Rao 2000, Hickey et al. 2001) 

iNOS was first found in LPS or cytokine-stimulated macrophages, but since then the 
iNOS expression has been discovered in various cell types. iNOS gene transcription is 
induced by microbial components and proinflammatory cytokines via the TIR  NFκB 
pathway (Aktan 2004). In addition, inteferon gamma induces iNOS via the Jak-STAT 
signaling pathway. The inducible isoform of NOS differs from the other constitutive 
forms of NOS in such a way that the production of NO can be long-lasting and the 
amounts significantly higher. Moreover, iNOS is independent of elevated Ca2+ since it 
binds with high affinity to calmodulin. During inflammatory challenge, macrophages 
produce NO by iNOS. It has been shown that NO acts both as an effector and as a 
regulator, possessing some antimicrobial potential. Overproduction of NO is seen in 
many severe pathological conditions such as septic shock. Together with cytokines such 
as TNF-α and IL-1, it may cause hypotension and multiple organ dysfunction. Similar 
iNOS induced production of NO is also seen in chronic inflammatory diseases. (Fang 
1997, Nathan 1997, Titheradge 1999) 

2.6  Inflammatory and infectious mechanisms during perinatal period 

The intrauterine environment is uniquely safe and protects the growing fetus from 
harmful pathogens until the time of delivery. The fetus is protected against infectious 
components by both structural and functional mechanisms. The structural barriers include 
the closed cervical canal with its mucus plug, the chorioamnionic membrane, and the 
cells surrounding the villi. The functional barriers include the endocervical secretory 
immune system, the expression of antimicrobial proteins in endometrial glandular 
secretions and amniotic fluid, and the rapid mobilization of immune cells derived from 
both the mother and the fetus to the critical maternal-fetal interfaces of the placenta. It is 
remarkable that the mother can prevent a deleterious immune response against the 
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antigenically distinct fetus and simultaneously generate an effective response to 
pathogens in the local environment.  

2.6.1  Intrauterine infection and preterm birth 

Little progress has been made in the understanding of the normal mechanisms of labor. 
Despite the introduction of new pharmaceutical agents and modern therapies, preterm 
delivery continues to be a major clinical challenge in obstetrics today affecting 12 % of 
all births in the United States (Martin et al. 2003b) and 5.6% in Finland (Stakes 2001). 
Moreover, preterm birth is the main underlying cause of perinatal mortality and accounts 
for nearly half of long-term morbidity (Hack & Fanaroff 1993). The survival rates of very 
preterm babies, however, have been rising during the recent decades due to progress in 
neonatal medical care. In fact, a survival rate of almost 100% can now be expected for 
neonates delivered after 32 weeks of gestation in developed countries. In contrast, the 
incidence of preterm labor has been increasing during the last decade (Martin et al. 
2003b). One reason for this is the poor understanding of the mechanisms behind the 
pathophysiological processes of prematurity.  

Microbial invasion of the amniotic cavity is present in 10% of patients with intact 
membranes undergoing preterm labor (Romero et al. 1989) and in 30% with preterm 
premature rupture of membranes (PPROM) (Romero et al. 1988). Hostile pathogens may 
enter the amniotic cavity via different routes: ascending from the vagina and cervix, 
through hematogenous spread through the placenta, via fallopian tubes from peritoneal 
cavity and by accidental introduction during invasive procedures (Fig. 5) (Gomez et al. 
1997). Many studies have shown the ascending route from the vagina to be the most 
common (Hillier et al. 1988, Gibbs et al. 1992, Andrews et al. 1995, Krohn et al. 1995). 
Moreover, the micro-organism most frequently responsible for intrauterine infection are 
present in the vaginal flora (Hillier et al. 1988). These include atypical bacteria for 
example Ureaplasma urealyticum, Mycoplasma hominis, Gardnerella vaginalis, 
peptostreptococi, and bacteroides species. In addition, B streptococci and Escherichia 
coli are found especially in deliveries with ruptured membranes (Goldenberg et al. 2000). 
The bacterial organism may first ascend from the vagina into the choriodecidual space 
and then occasionally penetrate further trough the amnion into amniotic fluid. Finally, the 
fetus itself may become infected when amniotic fluid enters the fetal lungs and 
gastrointestinal tract. Hence, the infection itself may occur between the maternal and fetal 
membranes (choriodecidual infection), within the fetal membranes (chorioamnionitis), 
within the placenta, within the amniotic fluid (amnionitis), within the umbilical cord 
(funisitis), or within the fetus itself (Goldenberg et al. 2000).  

IUI is the most common cause of very preterm labor at less than 28 weeks of 
gestation. The relation between infection and prematurity does not remain constant 
throughout gestation. Infection is present in most cases where the time of delivery is less 
than 30 weeks, but it is rare in late preterm deliveries (Mueller-Heubach et al. 1990). The 
reasons for this have not been adequately resolved. The mechanism of IUI and 
spontaneous preterm birth have been widely studied in vitro, and in animal and human 
studies (Romero et al. 1988, Gravett et al. 1994, Reznikov et al. 1999, Hirsch et al. 
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1999). The most widely accepted theory is that the toxins of the bacteria reaching the 
choriodecidual space stimulate the production of cytokines like TNF-α, IL-1 and IL-6 
(Maeda et al. 1997, Arntzen et al. 1998). The cytokine/chemokine cascade initiates the 
chemotaxis of inflammatory cells and the synthesis of prostaglandins, which may 
stimulate uterine contractions. Finally, the production of metalloproteases, which remodel 
the collagens in the cervix and the membranes, may lead to a rupture of membranes, 
cervical ripening and labor. Recently it has been suggested that, IUI may take place in 
early pregnancy and remain undetected for months, at least in the case of some bacterial 
infections (Gray et al. 1992, Perni et al. 2004). In addition, Goldenberg and co-workers 
showed high fibronectin concentrations in the cervix and vagina at 24 weeks of gestation 
in patients who developed chorioamnionitis seven weeks later (Goldenberg et al. 1996). 
Thus, it has been suggested that IUI causing preterm labor could often be chronic and 
asymptomatic. That is why efforts have been made to develop tests for imminent IUI. 
Some studies have documented endotoxin (Romero et al. 1989) and cytokines in 
specimens of the amniotic fluid (Maeda et al. 1997), but these methods require 
amniocentesis which may pose a risk to the fetus itself.  
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Fig. 5.  Infectious routes to fetus: 1) Ascending infection from vagina, 2) from maternal 
circulation across placenta and 3) to fetus via umbilical cord, 4) from amniotic fluid to fetal 
lungs or gastrointestinal tract, and 5) from peritoneal cavity via fallopian tubes. 

2.6.2  Infection and stillbirth 

Stillbirths continue to be a common problem, accounting for nearly two thirds of 
perinatal mortality in Finland (Stakes 2003). Nearly 50 % can be accounted for 
congenital anomalies, severe placental insufficiency, placental abruption, and umbilical 
cord related accidents (Huang et al. 2000, Cnattingius & Stephansson 2002). In some 50 
% of the cases, however, the underlying cause remains unknown. Maternal or fetal 
trauma, maternal obesity, smoking, fetal growth restriction and diabetes mellitus are just 
few examples of risk factors for stillbirth. Part of stillbirths may be caused by maternal or 
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fetal infections (Gibbs 2002). Severe maternal infection such as influenza virus infection, 
may lead to fetal compromise even when the pathogen itself has not been transmitted to 
fetus (Hartert et al. 2003). Placental compromise due to the spreading of malaria 
infection to the placenta has been described (Brabin et al. 2004). On the other hand, the 
fetus itself may become infected by infections ascending via the transplacental route. 
Moreover, maternal distress is known to cause fetal death in systemic maternal infections. 
Although preterm labor is a more usual outcome of this pathomechanism, stillbirth has 
been described following the presence of certain viruses and bacteria (Benirschke 1960, 
Redline & Lu 1987, Goldenberg & Thompson 2003). While bacteria in amniotic fluid 
have been lately studied as a cause of preterm labor, they have been related to fetal death 
as well (Moyo et al. 1995, Folgosa et al. 1997, Tolockiene et al. 2001, Atay et al. 2004). 
Infection in the fetoplacental compartment may be a cause of fetal death or preterm labor 
and delivery depending on multiple factors. These include the causative microbe, 
gestational age, and genetic background. (Goldenberg & Thompson 2003) 

2.6.3  Fetal inflammatory response syndrome 

The hypothesis of a fetal inflammatory response was originally proposed in association 
with cytokine studies on umbilical cord blood from fetuses (Gomez et al. 1998). Fetal 
inflammatory response syndrome (FIRS) was defined on the basis of elevated IL-6 levels 
in cord blood associated with neonatal morbidity (Yoon et al. 1996, Gomez et al. 1998, 
Romero et al. 1998). This term was originally applied to the acute-phase reaction 
described in adults i.e. the systemic inflammatory response syndrome, SIRS. SIRS is a 
severe complication of sepsis caused by gram-negative or -positive bacteria and it 
apparently involves multiple organ dysfunction (Horn 1998). According to the studies 
done so far, the syndrome and its outcomes are caused by the fetal innate immune system 
which responds to an infectious challenge. Based on research, an IL-6 level of 11 pg/ml 
in fetal plasma has been defined as a major independent risk factor for neonatal 
morbidity. Furthermore, a histological finding of funisitis or chorionic vasculitis has been 
proposed as a sign of FIRS together with elevated IL-6 (Yoon et al. 2000). A question 
was raised as to whether FIRS could be a significant risk factor for neonatal morbidity or 
for chronic diseases among infants born very preterm. Indeed, elevated IL-6 levels has 
been associated with neonatal white matter damage, respiratory distress syndrome, 
bronchopulmonary dysplasia, intraventricular hemorrhage, necrotizing enterocolitis and 
some other pathologies (Yoon et al. 1996, Yoon et al. 1999, Yoon et al. 2000, Svigos 
2001, Dammann et al. 2002).  

The fetus can be considered as a compromised host because of its immature immune 
system and the unusual route of entry of the microbial threat e.g. the umbilical cord. The 
essential weaknesses of immature host defense include the initial absence of IgM and 
IgA, weak antibody response to polysaccharide antigens and the inadequate phagocyte 
function. In addition, the chemotaxis of both polymorphs and monocytes is known to be 
low. On the other hand, the soluble IgG antibodies of the mother, which are transferred 
across the placenta into the fetal compartment, offer some protection to the fetus and the 
infant during the second half of pregnancy and early infancy (Holt & Jones 2000). The 
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idea of FIRS is based on the suggestion of a host response in fetus, which, in turn, can be 
detected as an elevated cytokine concentration in cord plasma. However, since the 
placenta may pass across blood cells and smaller molecules from the maternal to the fetal 
compartment, it may be difficult to distinguish the source of inflammatory mediators in 
cord blood. The proposed inadequate inflammatory response of fetus leading to stillbirth 
rather than labor or premature rupture needs further evaluation.  

2.7  Characteristics of the fetal cardiovascular physiology 

The fetus develops in hypoxic environment. Due to the adaptive responses of the fetal 
cardiovascular system it may endure rather severe intrauterine stress. There are various 
differences between the fetal and adult cardiovascular function. Fetal circulation is 
characterized by three shunts: ductus venosus, foramen ovale and ductus arteriosus (Fig. 
6). Due to this circulatory setup the ventricles work in parallel. Blood from the upper and 
lower body entering via the superior and inferior vena cava are collected into the right 
atrium and emptied mainly into to the right ventricle. From the right ventricle, blood is 
ejected into the pulmonary artery and further across the patent ductus arteriosus to the 
descending aorta from where it is directed to the placenta and lower body. A small but 
significant part of the right ventricular output passes into the vasoconstricted pulmonary 
vascular bed. The oxygenated blood returning from the placenta flows through the ductus 
venosus and streams across the right atrium into the left atrium via the foramen ovale 
(Kiserud et al. 1991b). The output from left ventricle is mainly directed to the cerebral 
and coronary circulations although small part crosses the aortic isthmus and into 
descending aorta. (Rudolph 1985) (Allan et al. 1987) 

The fetal heart consists of cardiomyocytes but also other cells, such as fibroblasts, 
capillary endothelial cells, macrophages, neurons, and blood cells. The fetal myocardium 
itself differs from adults as early cardiomyocytes are able to divide (hyperplasia) whereas 
mature myocytes can only grow in size (hypertrophy). The fetal myocardium consists of 
a greater proportion of noncontractile elements than the adult myocardium (Friedman 
1972, Rychik 2004). In addition, the relaxation properties of the fetal myocardium differ 
considerably from those of the adult. Myocardial relaxation is dependent on the clearance 
of cytosolic calcium. Animal studies suggest that this mechanism is slower in the fetus, 
which may be due to diminished sarcoplascmic reticulum function and greater 
dependence of the sodium-calcium exchanger in myocytes (Artman 1992, Mahony 1996). 
Finally, in an immature myocardium the source of energy seems to be different from that 
of adults: Whereas long-chain fatty acids are the preferred fuel in adult myocardium, the 
fetal myocardium uses primarily lactate as an energy source because of deficiency of the 
mitochondrial enzyme required for shuttling long-chain free fatty acids (Fisher et al. 
1981).  
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Fig. 6. Schematic presentation of the fetal circulation. Heart consists of four chambers: two 
atria and two ventricles. Numbers indicate mean oxygen saturation (%). UA, umbilical 
artery; UV, umbilical vein; LHV, left hepatic vein; DV, ductus venosus; IVC, inferior vena 
cava; SVC, superior vena cava, PA, pulmonary artery;  AO, aortic arch; BCA, 
brachiocephalic artery; PV, pulmonary vein; FO, foramen ovale; DA, ductus arteriosus; 
DAO, descending aorta. (Modified from Barker DJP: Fetal origins of cardiovascular and 
lung disease, Vol. 151, Marcel Dekker Inc. 2001) 
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2.7.1  Cardiac function and peripheral circulation 

2.7.1.1  Fetal heart 

The output from fetal ventricles and their ability to contract are modulated by changes in 
end-diastolic volume (preload), heart rate, arterial pressure (afterload), and various 
inotropic events. The Frank-Starling relationship detected in adult and neonatal hearts has 
also been described in the fetal heart (Kirkpatrick et al. 1976, Wagman et al. 1990). It is 
characterized by a relationship between the ventricular preload and the ability of the heart 
to develop pressure and eject blood and the dependence of myocardial force development 
on muscle length. The fetal ventricular wall must develop a tension that generates 
ventricular pressure exceeding systemic pressure and to open the semilunar valves to 
allow the ejection of blood to circulation. Systemic vascular resistance is the major 
component of the phenomenon called afterload, i.e. the load that the sarcomere bears at 
the initiation of contraction. Fetal ventricular function is affected by afterload in a manner 
to similar that of the adult: as the arterial pressure rises, the left or right ventricular stroke 
volume falls (Giraud et al. 1995). In other words, an increase in afterload decreases 
systolic ventricular output. Contractility is another important regulator of stroke volume, 
meaning the capability of the myocardium to generate tension. The biochemical factors of 
contractility consist of proteins activated by calcium, such as myosin, and the availability 
of cytocolic calcium. (Anderson et al. 1980, Gilbert 1980, Anderson et al. 1982, 
Thornburg & Morton 1986) 

Stroke volume, cardiac output, and weight-indexed systemic vascular resistance 
increase during the second half of gestation (Rasanen et al. 1996). The fetal heart in very 
early gestation, however, has been shown to have unique limitations in stroke volume 
increase compared to the later fetal and the adult heart. Moreover, the previously 
described stiffness and impaired relaxation of the fetal heart in early pregnancy prior to 
placental trophoblast invasion in the placenta may explain some of these limitations. In a 
Doppler velocity waveform across the adult atrioventricular valves, early diastolic filling 
predominates with the E wave (early filling) to the A wave (atrial contraction). In the 
fetus, however, atrial contraction is primarily responsible for emptying the atrium. 
According to the Frank-Starling law, an increase in preload predicts an increase in stroke 
volume. Whereas a normal adult heart has significant potential for augmentation of stroke 
volume based on an increasing preload, the fetal myocardium can only increase the stroke 
volume to a small degree in response to an increased preload (Gilbert 1980). Thus, it may 
be argued that the fetal myocardium has a small preload reserve. Besides intrinsic 
properties, it has been suggested that the poor preload reserve is due to extrinsic 
compression caused by chest wall, lungs and pericardium (Grant 1999). (Thornburg & 
Morton 1986) 

In the fetus, the stroke volume of the right ventricle is greater than that of the left 
ventricle (Mielke & Benda 2001). Moreover, studies with sheep fetuses have shown that 
the fetal right ventricle is significantly larger than the left (Pinson et al. 1987), whereas 
wall thicknesses have been shown to be quite similar. This results in a greater wall stress 
for the right ventricle and it can be predicted that the right ventricle is more sensitive to 
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changes in afterload, such as an increase in vascular resistance (Reller et al. 1987a). In 
addition, the normal afterload of right ventricle is unique compared to left since the early 
systolic afterload is increased. This is due the downstream pressure reflections, mainly 
from proximal pulmonary arteries and ductus arteriosus. Although both ventricles are 
affected in the presence of excessive afterload or increased preload, the right ventricle 
will manifest hypertrophy, dilatation, or dysfunction before the left ventricle. (Reller et 
al. 1987b, Rasanen et al. 1989, Pinson et al. 1991, Huhta 2001) 

2.7.1.2  Fetal circulation 

During pregnancy, Doppler echocardiography allows the examination of blood flow 
patterns in the fetal cardiovascular system. Pulsatility index (PI) is a measure of 
downstream impedance i.e. the resistance to pulsatile flow in the arterial circulation. It is 
calculated as the Doppler-derived peak systolic velocity minus the end-diastolic velocity 
divided by the time-averaged maximum velocity over the cardiac cycle.  

Blood velocity waveforms from the intracranial artery (ICA) are recorded to evaluate 
the effects of pathophysiological states in overall cerebrovascular circulation. In the 
normal state impedance is relatively high, but under fetal stress impedance decreases and 
diastolic flow increases (Papile et al. 1985, Kirkinen et al. 1987). Resistance in ICA is 
normally much higher than that in the umbilical arteries. Thus, the identification of 
decreased PI in ICA is a sign suggesting vasodilatation in the cerebral circulation. This 
phenomenon, called brainsparing, is commonly seen in fetuses under adverse conditions, 
e.g. placental insufficiency or cyanotic congenital heart disease (Donofrio et al. 2003). In 
a normal situation, the placenta has very low vascular resistance, and the two umbilical 
arteries (UA) may thus carry a substantial amount of blood in both systole and diastole. 
In normal circumstances, the PI of umbilical arteries decreases with advancing gestation 
(Arduini & Rizzo 1990). Abnormalities in placental vascular resistance are reflected as an 
increase in PI (Trudinger et al. 1987, Acharya et al. 2004).  

The umbilical vein (UV) carries oxygenated blood to the fetus. The blood velocity 
waveform pattern of the umbilical vein is normally continuous and nonpulsatile 
(Gudmundsson et al. 1991). The blood velocity waveform in ductus venosus (DV) is 
usually triphasic but entirely antegrade towards the heart, and reversal flow during atrial 
contraction in DV is considered abnormal. Abnormalities in DV blood velocity 
waveforms are considered very sensitive markers of fetal distress (Kiserud et al. 1991a, 
Hecher et al. 1995).  

2.7.2  Natriuretic peptides during perinatal period 

DeBold and coworkers were the first to show that extracts from atrial tissue may elicit 
natriuresis in rats (de Bold et al. 1981). Soon after that, atrial natriuretic peptide (ANP) 
was purified and sequenced (Kangawa & Matsuo 1984). ANP and brain natriuretic 
peptide (BNP) are cardiac hormones secreted into the circulation in response to an acute 
stimulus of increased stretch of myocardium (Rubattu & Volpe 2001). These peptides 
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may regulate blood pressure by increasing salt and water excretion, enhancing capillary 
permeability, and causing direct relaxation of vascular smooth muscle (Sagnella 1998). 
The gene expression of ANP and BNP is increased in animal models of myocardial 
infarction, hypertrophy, and heart failure, as well as in corresponding  human cardiac 
diseases (Espiner et al. 1995). Fetal studies have shown that ventricular ANP is released 
in response to a rise in the fetal cardiac afterload (Walther et al. 2001). In addition in 
human fetuses with placental insufficiency and increase in the umbilical artery N-
terminal peptide of proANP concentrations, pulsatility in the systemic venous blood 
velocity waveforms was found to be increased compared with fetuses with normal 
umbilical artery concentrations of the N-terminal peptide of proANP (Makikallio et al. 
2002). 

In adults, ANP is mainly produced by the atria, while the ventricles are the principal 
production sites of BNP (Ruskoaho 1992). By contrast, during fetal development the 
ventricles appear to both produce and store large amounts of ANP (Takahashi et al. 1992, 
Johnson et al. 1994). Thus, substantial amounts of ANP may be rapidly released when a 
fetal cardiac volume or pressure overload takes place. The BNP reserves, on the other 
hand, are significantly smaller, and the secretion is dependent on constant synthesis 
(Magga et al. 1998). It has been suggested that the contribution of ventricular ANP may 
be significantly greater in the fetus than in the adult (Cameron & Ellmers 2003). In 
human adults with cardiac diseases the gene expression pattern returns back to the fetal 
situation (Ruskoaho 1992).  



3 Hypothesis of the study 

Preterm delivery with an infectious or inflammatory background is a major risk factor for 
fetal and neonatal morbidity and mortality. The possible role of the innate immune 
system in the susceptibility to and mechanisms of preterm birth has not been adequately 
resolved. Moreover, the pathways of inflammatory activation leading to organ injury or 
fetal death have been insufficiently evaluated. The placenta and its immunocompetent 
cells are known to protect the developing fetus from pathogens. On the other hand, severe 
maternal and placental infections are associated with preterm birth or fetal loss. The 
hypothesis states that LPS from Gram-negative bacteria has various acute effects on the 
fetus, depending on the route via which it reaches the fetus.  

The specific aims of the present study were: 

1. To establish a novel murine model for intra-amniotic inflammation. 
2. To evaluate the role of TLR4 in the host response of a developing fetus after 

administration of LPS. 
3. To investigate the acute inflammatory responses in the gestational tissues and in the 

fetal compartment following LPS administration. 
4. To demonstrate the pathophysiological effects of LPS administration on fetal 

cardiovascular hemodynamics. 



4 Materials and methods 

4.1  Experimental animal models 

The protocol was approved by the Animal Research Committee of the University of 
Oulu. The DBA/2 mouse strain was used in the experiments. Female mice aged 3-4 
months were mated, and the gestational ages of the fetuses (±6 h) were verified by the 
presence of a vaginal plug (designated as day 0 of pregnancy).  

In the first experimental setting an intra-amniotic LPS stimulation protocol was 
established. On the days 14 to 17 of gestation (term 21 days), the mice were anesthetized 
with a subcutaneous solution containing 50 µg of midazolam, 3.2 µg of fentanyl citrate, 
and 100 µg of fluanisone per kg body weight. A heat pad was used to maintain body 
temperature. The depth of anesthesia was monitored by the loss of toe and tailpinch 
reflexes. Before surgery, the fetuses underwent the first ultrasonographic examination. In 
surgery, the uterine horns were exposed through a 1.5 cm midline abdominal incision. 
This allowed identification of the fetuses, placentas, and amniotic sacs through the 
uterine wall. LPS (E. coli 055:B5; Sigma-Aldrich, MO) was solubilized in 0.9% sterile 
saline at a concentration of 1 mg/ml. The solution was diluted into saline and used 
immediately or frozen once. The final concentration used was 10 μg/ml and the final 
amount per amniotic sac 0.25 µg. The dams were randomized to receive either LPS or 
vehicle. In the LPS group, 25 µl of saline-containing LPS was injected into the amniotic 
sac of each fetus using a 30-gauge tuberculin syringe. In the vehicle group, an identical 
injection was performed with 25 µl of 0.9% saline. In the control group, a sham operation 
was performed by exposing the uterine horns and identifying the fetuses in each horn 
with no intra-amniotic injections. In preliminary experiments, intra-amniotic Trypan blue 
injections were made. They showed accurate targeting of the amniotic cavity without 
penetration of the fetal skin or placenta. After the injections, the abdominal cavity and the 
abdominal wall were closed in two layers with continuous suture. After the surgery, the 
animals were placed individually in clean cages and transferred into warm (+ 25°C) 
microisolators. The duration of the procedure was approximately 10 minutes per dam. Six 
hours after the operation, the animals were anesthetized again and a second 
ultrasonographic examination identical to the first was performed. Thereafter, the dams 
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were sacrificed by cervical dislocation. The placenta, fetal membranes, fetal heart, and 
lungs were recovered and processed for analysis.  

The second experiment was also carried out on the days 14 or 17 of gestation. The 
dams were randomized to receive either LPS or vehicle (PBS) intraperitoneally (i.p.) (III, 
IV). LPS (E. coli 055:B5; Sigma-Aldrich) was solubilized in 0.9% sterile phosphate-
buffered saline (PBS) at a concentration of 0.72 mg/ml. LPS was administered at a dose 
of 2.4 mg/kg by a single 0.1 ml i.p. injection (~70 µg/animal). In the vehicle group, 0.1 
ml of PBS was given i.p. to the dam. Thereafter, the dams were sacrificed by cervical 
dislocation. The placenta, fetal membranes, and liver, lungs, and heart from the dam and 
fetuses were recovered and processed for analysis. In addition, amniotic fluid and 
maternal serum were collected. In a separate experiment, newborn mice (age 12-24 h, n = 
10) were injected subcutaneously with either PBS or 2.4 mg/kg of LPS (IV).  

4.2  Organ culture (II) 

At 15-16 days of gestation (term 21 days), the mice were sacrificed by cervical 
dislocation and the fetal hearts were carefully separated from the other tissues by using a 
sterile technique and transferred to a culture dish containing Dulbecco’s Modified Eagle’s 
Medium with glucose (4.5 g/l), glutamine (2 mM), penicillin (100 U/ml), streptomycin 
(100 µg/ml), and fungizone (0.25 µg/ml). Each culture dish contained 4-5 randomly 
isolated fetal hearts, which were maintained in culture at 37°C in a humidified 
atmosphere of 5% CO2 and 95% air overnight. On the following day, the viability of the 
hearts was verified by the presence of spontaneous contractions. The medium was 
replaced and the tissues were incubated with LPS 1 µg/ml (E. coli 055:B5; Sigma-
Aldrich) or vehicle for six hours. After the experiment, the hearts were immediately 
frozen in liquid nitrogen and stored at -70°C until processed for mRNA analysis. 

4.3  Doppler echocardiography (I, II, III) 

The ultrasonographic examination of fetuses was carried out by using the Acuson 
Sequoia 512 equipment (Mountain View, CA) with a 13 MHz linear probe. The fetuses 
were localized in each uterine horn, starting from the top of the horn. After identifying 
the fetal heart by color Doppler, the sample volume of pulsed Doppler was placed over 
the heart. The length of the sample volume was adjusted to cover the entire heart. The 
high-pass filter was set at its minimum. The fetal heart was examined from different 
directions, to minimize the angle between the Doppler beam and the inflow (IF) and 
outflow (OF) regions of the heart, in order to obtain their maximal velocities (Gui et al. 
1996a). The maximal IF and OF velocities were recorded using a sweep speed of 100 
mm/s. From the sagittal view of the fetus, the descending aorta (DAO), the intracranial 
artery (ICA), and ductus venosus (DV) were located with the color Doppler technique. 
Their blood velocity waveforms were obtained by pulsed Doppler ultrasonography. With 
the same technique, the umbilical cord was identified and the blood velocity waveforms 
of the umbilical artery (UA) were obtained. Immediately after the second 
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ultrasonographic examination, the abdomen was carefully opened, and the fetuses were 
identified according to their location at ultrasonography. 

Fig. 7.  Sagittal view from mouse fetus with color Doppler and the normal blood velocity 
waveforms obtained by pulsed Doppler ultrasonography from heart and peripheral 
circulation. ET, ejection time; ICT, isovolumetric contraction time; IRT, isovolumetric 
relaxation time 

The data were videotaped and analyzed afterwards off-line, using the cardiac 
measurement package of the ultrasound equipment. The fetal heart rate (FHR) and the 
time-velocity integral (TVI) of the OF waveform were measured. The outflow mean 
velocity (Vmean) was calculated by the formula: Vmean = FHR x TVI. The proportions (%) 
of the isovolumetric relaxation (IRT) and contraction (ICT) times of the cardiac cycle 
were calculated. IRT was measured as the period between the closure of the semilunar 
valve and the opening of the atrioventricular valve, while ICT represents the period 
between the closure of the atrioventricular valve and the opening of the semilunar valve. 
The presence of atrioventricular or semilunar valve regurgitation was documented. The 
pulsatility index values were obtained from the UA, DAO, and ICA blood velocity 
waveforms. The pulsatility index value for veins (PIV) was calculated from the DV and 
IVC blood velocity waveforms [PIV = (peak systolic velocity – velocity during atrial 
contraction)/time-averaged maximum velocity over the cardiac cycle]. Intraobserver 
variability with respect to the Doppler ultrasonographic parameters was analyzed in 15 
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fetuses from three different dams. The examination was repeated 30 minutes after the 
first under the same anesthesia. 

4.4  RNA analysis 

Total RNA was isolated using Trizol reagent (Gibco BRL, Life Technologies Inc., Grand 
Island, NY) according to the manufacturer’s instructions.  

4.4.1  Ribonucelase protection assay (RPA) 

The mRNA levels were analyzed by Rnase protection assay using a Riboquant 
multiprobe set (BD Biosciences, Pharmingen, San Diego, CA) following the supplier’s 
instructions. Briefly, total RNA (~10 μg) was hybridized overnight to the 32P-labeled 
RNA set. Single-stranded RNA and free probe were digested by Rnase A and T1. 
Protected RNA was phenolextracted, precipitated, and analyzed on a 5% denaturing 
polyacrylamide gel. The quantity of protected RNA was determined using 
PhosphorImager and associated software (Biorad, Hercules, CA). The analyzed mRNAs 
are shown in table 2.  

Table 2. List of detected mRNAs  

Inflammatory mediators Others 
IL-1α iNOS 
IL-1β VEGF 
IL-6 TLR2 
IL-10 TLR4 
IL-1R1 MMP9 
TNF-α F4/80 
MIP-2 L32 (housekeeping gene) 
 Gapdh (housekeeping gene) 

4.4.2  Quantitative Reverse Transcriptase-PCR (RT-PCR) (II) 

The cDNA first strand was synthesized using M-MuLV reverse transcriptase from RNA 
extracted from mouse cardiac tissue. The quantitative PCR reactions were performed 
with an ABI 7700 Sequence Detection System using TaqMan® chemistry. The forward 
and reverse primers for mouse ANP mRNA detection were 
GAAAAGCAAACTGAGGGCTCTG and CCTACCCCCGAAGCAGCT, respectively. 
The amplicon was detected using the bifunctional fluorogenic probe 5’ -Fam™ - 
TCGCTGGCCCTCGGAGCCT-Tamra™ -3’. The corresponding forward primer, reverse 
primer, and probe for mouse BNP mRNA detection were AGGCGAGACA 
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AGGGAGAACA, GGAGATCCATGCCGCAGA, and 5’ -Fam™ - CATCATTG 
CCTGGCCCATCGC-Tamra™ -3’, respectively. The results were normalized to 18S 
RNA quantified from the same samples using the forward and reverse primers 
TGGTTGCAAAGCTGAAACTTAAAG and AGTCAAATTAAGCCGCAGGC, 
respectively. The probe for 18S was 5’ -Vic™ -CCTGGTGGTGCCCTTCCGTCA-
Tamra™ -3’. 

4.5  Protein analyses 

4.5.1  Antibodies 

The antibodies used in these studies are listed in table 3.  

Table 3. Antibodies used in protein analyses. 

Antibody Manufacturer Method 
Goat pc. anti-humanTLR4 (C-18)  Santa Cruz Biotechnology, Inc. IHC, Western 
Goat pc. anti-humanTLR4 (L-14) Santa Cruz Biotechnology, Inc. IHC 
Goat pc. anti-mouseTLR4 (M-16) Santa Cruz Biotechnology, Inc. IHC 

Rat mc. anti-mouseTLR4/MD (MTS-510) Hycult biotechnologies IHC 
Goat pc. anti-mouseTLR2 (AF1530) R&D systems, Inc. IHC 
Rabbit pc. anti-mouseNOS2 (N-20) Santa Cruz Biotechnology, Inc. IHC 
Rabbit pc. anti-nitrotyrosine  Upstate Biotechnology, Inc. IHC 
IHC=immunohistochemistry; pc=polyclonal; mc=monoclonal 

4.5.2  Immunohistochemistry and histopathologic examination 

The tissues were fixed in 4 % formaldehyde in PBS for 24 h. Thereafter, they were 
embedded in paraffin and cut into five-micron sections. 

After deparaffinization and dehydration, the sections were pretreated to retrieve 
antigens, according to the specific requirements for each antibody, with citrate buffer (10 
mM, pH 6.0) or pepsin (0.4%). The sections were allowed to cool for 20 minutes, washed 
in PBS, and treated with 3 % H2O2 in methanol for 15 minutes at room temperature to 
prevent endogenous peroxidase activity. Nonspecific binding was blocked with 1:5 
normal donkey serum in PBS for 30 minutes, and after which the primary antibodies 
were applied (Table 3). Detection was carried out with an avidin-biotin peroxidase system 
using 3-amino-9-ethylcarbazole (AEC) as a substrate. Finally, the sections were 
counterstained with hematoxylin. 

To examine the histopathological changes in tissues, the tissues were cut into five-
micron sections and processed for hematoxylin and eosin staining. A duplicate tissue 
section was also stained for naphthol-ASD-chloroacetate esterase by Leder’s stain to 
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detect granulocytes and to evaluate the inflammatory state. In addition, basic cytokeratin 
and endothelial cell (CD34) markers were used to differentiate placental structures. 

4.5.3  Western blot analysis (IV) 

The goat anti-human TLR4 antibody C-18 for protein analysis was purchased from Santa 
Cruz Biotechnology, Inc (Santa Cruz, CA). The tissues were homogenized in extraction 
buffer (10 mM Tris, pH 7,5; 0,25 M saccharose; 1 mM EDTA, 5 mM benzamidine; 2 mM 
PMSF containing 10 μg/mL pepstatin A, aprotinin, leupeptin, and chymostatin) and 
centrifuged at low speed to collect the supernatant. 10 or 20 μg of each protein sample 
was resolved in 8 % SDS-polyacrylamide gel and electrotransferred onto nitrocellulose 
membrane Protran BA83 (Schleicher & Schuell, Dassel, Germany). The membranes were 
blocked at 4°C overnight in 5 % skim milk powder-TBS-T (Tris-buffered saline 
containing 0.1 % Tween 20) and incubated with the primary antibody in TBS-T for one 
hour at room temperature followed by washes with TBS-T and incubation with HRP-
conjugated anti-goat IgG (Santa Cruz). The blot was developed with the ECL-Plus 
system (GE Healthcare, UK) according to the manufacturer’s instructions. 

4.5.4  Cytometric bead array (III) 

Cytometric bead array (CBA) by BD Biosciences was used to determine cytokine and 
chemokine levels in amniotic fluid and maternal serum. A mouse inflammation kit (BD 
Biosciences) was used according to the manufacturer’s instructions to detect IL-6, IL-10, 
MCP-1, IFN-γ, TNF-α, and IL-12p70. For each sample (25 µl), 50 µl of antibody-bead 
reagent and 50 µl of antibody phycoerythrin (PE) reagent were added. The mixture was 
incubated for two hours at room temperature and washed to remove the unbound detector 
PE reagent before further analysis. Two-color flow cytometric analysis was performed 
using a FACSCalibur flow cytometer (BD Biosciences). Data was acquired and analyzed 
using BD CBA software. The sensitivities of the CBA assays for IL-6, IL-10, MCP-1, 
IFN-γ, TNF-α, and IL-12p70 were 5.0, 17.5, 52.7, 2.5, 7.3 ,and 10.7 pg/ml, respectively. 

4.5.5  Enzyme-linked immunosorbent assay (ELISA) (I) 

The ELISA method for mouse IL-6 (M6000, R&D systems, Inc. Minneapolis, MN) was 
used for the detection of IL-6. The detection limit was 3.1 pg/ml. Absorbance values were 
determined and quantitative concentrations were calculated with a Wallac Victor 1420 
multilabel counter with MultiCalc software (PerkinElmer Life Sciences, Boston, MA).  
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4.6  Statistical analysis 

The mouse fetuses were chosen from a specific strain of mice, and the number of 
experiments was designed to be sufficient to allow reliable statistical evaluation of the 
differences. The primary outcome measure was abnormality in the fetal cardiovascular 
hemodynamics. The accepted values of α- and β errors were 0.05 and 0.1, respectively. 
Thus, the number of fetuses in each study group was at least 36.  

The statistical tests were chosen to suit the research design and the number of study 
groups. When the data were normally distributed, Student’s t test was done to compare 
the mRNA and protein levels between two study groups. The same test was applied to 
ultrasonographic data as well. In a case of three or more study groups, one-way ANOVA 
with Dunnet’s post hoc test was performed. If the data were not normally distributed, the 
nonparametric Mann-Whitney U-test or the nonparametric Kruskal-Wallis test was 
applied. For categorical data, the chi-square test was used. The level of statistical 
significance was set at P<0.05. The numerical values were reported as means ± standard 
deviation (SD), or means ± standard error of mean (SEM). In some ultrasonographic 
calculations, the results were given as median and range. 

The statistical analyses were carried out using the SPSS system (SPSS Inc. version 
9.0.1, 1999). 



5 Results 

5.1  Preliminary studies with experimental models 

In the experiment with i.a. LPS (I, II, IV), the effects of different doses of LPS (0.25-2.5 
µg per amniotic sac) and different time intervals of the LPS challenge (6-24 h) were 
studied, using fetal death and preterm birth as outcome variables. Regardless of the LPS 
dose, the fetal death rate approached 100 % at 24 h after the intra-amniotic injection. The 
fetal death rate ranged between 30% and 70% at 12 h after LPS, and a dose response 
(0.25-2.5 µg per amniotic sac) was demonstrated. There were no preterm births in any of 
the groups studied. There were no fetal deaths in the vehicle and control groups. The 
lowest LPS dose (0.25 µg) and the 6 h interval were chosen, to determine the primary 
proinflammatory cytokine response and the pathophysiological effects on fetal 
cardiovascular function and hemodynamics. The fetal death rate was ~15% with the 
studied LPS dose.  

Similarly in the experiment with i.p. LPS, the effects of different doses of LPS (0.6-
2.4 mg/kg) and different time intervals of the LPS challenge (6-24 h) were studied. There 
were no preterm births in any of the groups studied. On the contrary, there was a 
likelihood of spontaneous fetal loss after intrauterine death. Based on these preliminary 
experiments, a LPS dose of 2.4 mg/kg and a 6-hour interval were chosen to determine the 
pathophysiological effects of the acute proinflammatory cytokine response in the placenta 
and the fetus. At 6 hours, fetal death rate reached 11% with the LPS dose of 2.4 mg/kg. 

The in vitro experiment was carried out using the previously described methodology 
for fetal heart culture (Ingwall et al. 1980). The actual concentration of LPS was chosen 
based on earlier studies (Favory et al. 2004) and preliminary experiments with LPS 
concentrations from 10 ng/ml to 10 µg/ml. 
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5.2  The response of fetal heart to LPS in vitro 

LPS exposure of six hours led to significantly increased expressions of iNOS, RANTES, 
TNF-α, IL-1α, IL-1β, and MIP-2 compared to vehicle-treated fetal hearts (p<0.05). The 
expression of IL-1RI remained at baseline level. The fetal cardiac ANP and BNP mRNA 
expressions were not significantly increased six hours after the beginning of LPS 
exposure. 

5.3  Maternal response to LPS in vivo (I-IV) 

Six hours after i.p. LPS stimulation, the dams showed clinical symptoms of 
inflammation, such as ruffled hair and diminished activity. None of the dams died 
spontaneously, and the symptoms tended to subside towards 24 h after LPS. At six hours 
the maternal serum concentrations of TNF-α, MCP-1, IL-10, and IL-6 were significantly 
increased compared to vehicle (p<0.05). IL-12p70 and IFN-γ remained undetectable. 
Adult heart, lungs and liver revealed detectable level of mRNA expression of TLR4, 
which was increased after LPS. Moreover, a distinct immunopositivity for TLR4 was 
detected in studied organs, but there were no differences between the LPS treated dams 
and the controls. The i.p. injection of LPS caused a distinct inflammatory response in 
maternal tissues, as the maternal liver, lung and heart showed induction of 
proinflammatory cytokines. As an example, the pulmonary expression levels of the 
proinflammatory cytokines IL-1β, TNF-α, and IL-6 were significantly increased, and the 
changes in the mRNA production of inflammatory mediators in heart and liver were 
similar to the findings in lungs. Maternal lung and liver showed normal histology and 
occasional granulocytes attached to the endothelium, but no vascular congestion was 
seen.  

I.a. LPS, however, did not cause any significant changes in the production of 
inflammatory agents in maternal tissues and the concentrations of the mediators remained 
similar to those in the controls.  

5.4  Responses of placenta, membranes, and fetus in vivo 

5.4.1  Maternal LPS (III, IV) 

5.4.1.1  Placenta and membranes 

Six hours after intraperitoneal LPS to dam, the mRNAs levels of TNF-α, IL-1α, MIP-2, 
and IL-6 were significantly increased in placenta compared to the vehicle group (p<0.05). 
IL-1β and IL-10 were not significantly induced, and IL-1R1 expression remained at the 
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baseline level. In addition, IL-4 and MMP9 mRNAs were found to be significantly 
increased (p<0.05), whereas the expressions of VEGF and F4/80 remained constitutive. 
Furthermore, there was a significant increase in the placental expression of TLR2 
(p<0.05), whereas the expression level of TLR4 remained at the baseline. In fetal 
membranes, the TNF-α, IL-1α, MIP-2, and IL-6 mRNA expression levels were highly 
variable after LPS, and the differences did not reach statistical significance (II). 

The immunostaining of placenta with TLR2 antibody revealed intense cytoplasmic 
immunoreactivity in the macrophage-like cells of the labyrinth. Using the c-18 antibody, 
TLR4 was localized in placental spongiotrophoblast cells. However, since the 
spongiotrophoblast cells of TLR4-null mice also stained positively, the specificity of the 
antibody could not be confirmed. Nevertheless, the TLR4 signal in Western blot was 
detectable in placenta. The most consistent finding in the LPS group was blood 
congestion and vascular dilatation in the labyrinthine part of the placenta. The most 
dilated vessels with stasis were located in the basal part of the placenta, close to the thin 
muscular layer of the uterus. Six hours after LPS, no placental thrombosis was observed 
and there was minimal evidence of margination or tissue accumulation of inflammatory 
cells. In contrast, 12 hours after LPS, margination of lymphocytes and granulocytes was 
evident, and congestion was more prominent. The fetal membranes showed a TLR4 
signal in Western blots. However, the signal was not altered by LPS injection.  

5.4.1.2  Fetal and newborn tissues 

At 14 days of gestation, maternally admnistered i.p. LPS did not induce any significant 
inflammatory response within six hours in fetal liver, lung, or heart (III). At 17 days of 
gestation, the fetal tissues showed a trend of increase in the expression of 
proinflammatory cytokines (IV). These findings, however, were not statistically 
significant. The newborn lung responded to s.c. LPS, as seen in the increased mRNA 
production of IL-1α, IL-1β, TNF-α, and MIP-2 (p<0.05). 14-day-old fetal lung did not 
show expression of TLR4, whereas expression in 17-day-old fetal lung was above the 
limit of detection, and there was a detectable level of TLR4 protein in the lung tissue as 
well. However, the TLR4 expression or protein levels did not differ between study 
groups. 

Newborn lung showed detectable expression of TLR4 but the expression levels were 
not affected by LPS administration. The pulmonary level of TLR4 protein was higher 
than those seen in fetuses, but it was not acutely affected by LPS.  

5.4.1.3  The alterations in fetal cardiovascular hemodynamics 

The baseline values were similar in the LPS- and saline-treated groups. After six hours, 
OF Vmean was lower in the LPS group than in the vehicle group (Table 5). ICT % and IRT 
% did not differ between the groups. There were no fetal arrhythmias in any of the 
groups. On the other hand, in the LPS group 15 fetuses (65%) had valve regurgitations. 
Eleven fetuses had both atrioventricular (AV) and semilunar valve regurgitations, while 4 
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had only AV valve regurgitation. The PI values of UA (p<0.005) and DAO (p<0.005) and 
the DV PIV (p<0.05) values were higher in the LPS group than in the vehicle group. 
There was no difference in the PI of ICA between the groups. 

Table 4. Observed cytokine response after LPS challenge at 14-15 days of gestation 

Sample i.p. LPS i.a. LPS 
Dam, tissues ++ - 
Dam, serum   + - 
Placenta  + + 
Fetal membranes (+) ++ 
Amniotic fluid - ++ 
Fetus, heart - + 
Fetus, lung - - 
-, no detectable cytokine response; +, 2-6 fold difference in cytokine expression; ++, > 10 fold difference in 
cytokine expression; (), not significant 

5.4.2  Intra-amniotic LPS (I, II, IV) 

5.4.2.1  Placenta and membranes 

After the i.a. injection, the concentrations of IL-6, TNF-α and MCP-1 were significantly 
increased in amniotic fluid (p<0.05) as a sign of a robust inflammatory response. Both 
fetal membranes and placenta showed increased production of inflammatory mediators 
such as TNF-α, IL-1, IL-6 and MIP-2 (p<0.05). Particularly prominent response was seen 
in the membranes as the cytokine expression levels were 20- to 40-fold higher as 
compared to the control membranes.  

5.4.2.2  Fetal tissues  

In fetal myocardium at 15-16 days of gestation, the mRNAs of iNOS, TLR4, and IL-1R1 
were detectable and remained unaffected by LPS. Following the LPS injection, the 
mRNAs of TNF-α, IL-1β, and MIP-2 were significantly (p<0.05) induced. There was no 
detectable induction of the studied mRNAs in the vehicle and control groups, and the 
inflammatory response was not seen in fetal lung. Immunohistochemical analysis of the 
fetal hearts showed positive staining for TLR4. However, there was no detectable 
difference in immunostaining following intra-amniotic LPS or vehicle in any of the 
groups. In contrast, iNOS was not detected in myocardium in any of the groups studied. 
There was no detectable immunostaining for nitrotyrosine in the fetal hearts from LPS- or 
vehicle-treated fetuses. 
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5.4.2.3  Alterations in fetal cardiovascular hemodynamics and natriuretic 
peptide expression  

Six hours after LPS, OF Vmean was significantly lower than in the vehicle and control 
groups (Table 5). ICT % (p<0.05), IRT % (p<0.005), and IMP (p<0.005) were increased 
in the LPS group compared to the other groups. The atrioventricular TVI E/A ratio did 
not differ between the groups. The PI values of UA (p<0.005) and DAO (p<0.005) were 
higher and those of ICA lower (p<0.05) in the LPS group compared to the vehicle and 
control groups. The DV PIV values were higher (p<0.0001), in the LPS group than in the 
vehicle and control groups. Throughout the experiment, no differences were seen in the 
measured parameters between the vehicle group and the control group. In the LPS group 
the incidence of arrhythmias was higher (15/44) than in the vehicle (2/46) and control 
groups (0/25). 

Table 5. The alterations in fetal cardiovascular hemodynamics after LPS administration. 

i.a. LPS i.p. LPS Parameter 
before after  

 
before after 

FHR 234 (40) 229 (82)  207 (47) 196 (43) 
OFVmean 12.9 (2.9) 9.1 (3.9)*  16.3 (2.9) 11.1 (3.8)* 
IRT(%) 7.7 (5.4-11.3) 11.2 (7.8-77.7)*  8.2 (6.1-10.3) 8.3 (6.4-10.6) 
ICT(%) 3.2 (1.5-8.1) 5.0 (2.0-42.7)*  4.9 (2.7-7.7) 4.9 (1.9-11.1) 
UAPI 2.72 (0.56) 3.00 (0.82)*  2.54 (0.56) 3.47 (1.07)* 
DAOPI 2.68 (0.43) 2.95 (0.75)*  2.77 (0.43) 3.77 (1.36)* 
ICAPI 2.24 (0.23) 1.99 (0.34)*  2.25 (0.23) 2.42 (0.34) 
DVPIV 1.08 (0.10) 1.27 (0.25)*  1.09 (0.10) 1.53 (0.97)* 
Arrhythmias 0% 35%  0% 0% 
Regurgitations 0% 5%  0% 65% 
* Values differ significantly (P<.05) from control treated fetuses 

Six hours after the i.a. LPS injection, the expression of ventricular BNP mRNA was 
increased compared to the vehicle and control groups. The atrial and ventricular ANP and 
atrial BNP mRNA levels did not differ significantly between the groups. A negative 
correlation (R=0.56, p<0.005) was found between ventricular BNP mRNA expression 
and outflow Vmean. In addition, positive correlations were found between ventricular BNP 
mRNA expression and DAO PI (R=0.56, p<0.005) and ICT% (R=0.62, p<0.001). In the 
venous circulation, ventricular BNP mRNA expression correlated positively (R=0.41, 
p<0.05) with IVC PIV.  
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Table 6. Summary of observed cytokine response and expression of natriuretic peptides in 
fetal heart 

Fetal heart in vivo Observation 
Atrium Ventricle 

Fetal heart in vitro 

Cytokine response (+) (+) + 
ANP expression - - - 
BNP expression - + - 
-, no change in expression levels; +, increase in expression levels; (), tissues were not separately examined 



6 Discussion 

The acute effects of bacterial endotoxin (LPS) on the developing fetus were studied. In 
order to evaluate the pathophysiological consequences of initially restricted inflammation 
in the amniotic cavity, a model of intra-amniotic administration was developed in mice 
(I). In this model i.a. LPS rapidly increased mRNA production of proinflammatory 
cytokines in the placental tissue and in the fetal membranes. The cytokine concentrations 
in amniotic fluid were increased compared to controls. The mRNA and peptide studies 
revealed no immediate cytokine response in maternal compartment, showing restricted 
inflammatory response in amniotic cavity.  

We showed that the acute inflammatory responses in gestational tissues as well as in 
the fetus differ, depending on the route of the infectious challenge. The inflammatory 
response in the fetus was evaluated by measuring the mRNA expression of cytokines and 
chemokines in fetal tissues such as liver, lungs, and heart. The fetal response was shown 
only after i.a. LPS, as the mRNA expression of TNF-α, IL-1β, and MIP-2 was increased 
in the fetal heart. Although there was an inflammatory response in the placenta and in the 
fetal membranes after i.a. LPS, no detectable response in the maternal compartment was 
shown. In contrast, i.p. LPS to the dam increased rapidly the cytokine production in 
maternal tissues as well as in the placenta, but not in the fetal tissues.  

The present findings indicate that TLRs may play a role in the recognition of microbial 
pathogens and in the regulation of the host response in both the fetal and the maternal 
compartments during pregnancy. The data from both mRNA and peptide studies showed 
that the TLR4 was essential for the induction fo cytokine mRNA expression in the tissue. 
In the fetal lung the expression of TLR4 was increasing toward the time of delivery, and 
the cytokines response in the lung showed similar trend. Analogous ontogeny of TLR4 
was seen in peptide levels of fetal lungs. In addition, we showed the presence of TLR4 in 
the placenta and the fetal membranes. As expected, these tissues also responded to LPS 
stimulus by increasing rapidly the production of proinflammatory cytokines.  

The experiments showed two phenotypes of fetal cardiac distress with different 
pathophysiologic backgrounds. After i.a. LPS the ultrasonographic data showed signs of 
impaired function of the myocardium. This was further supported by increased 
production of TNF-α, which is known to be a strong myocardial depressant. In contrast, 
the i.p. LPS to the dam did not cause cytokine response in the fetal heart. Respectively 



 59

the parameters describing myocardial contraction and relaxation were normal. However, 
the i.p. route of administration caused robust host response in the dam, especially in the 
placenta, which in turn had deleterious effects on the fetal circulation: the afterload in the 
peripheral circulation increased rapidly leading to fetal cardiac compromise.  

6.1  Methodological aspects 

In the present study, mice of the DBA/2 strain were used as experimental animals. When 
studying the mechanisms of complex diseases with physiological aspects, the animal 
model is superior to direct in vitro approaches. In addition, the mouse has many 
advantages compared to the other laboratory animals: it breeds well, the timing of 
pregnancy is easy to establish, gestational age can be accurately verified, and the 
laboratory methods for mouse are usually better available than those for other animals. 
Moreover, the genetic engineering of mouse widens the future prospect.  

Mouse has been used in studies of preterm birth and fetal loss (Fidel, Jr. et al. 1994, 
Silver et al. 1995, Kaga et al. 1996, Elovitz et al. 2003). In addition, the effects of 
inflammation on developing fetal brain have been studied in rat (Gayle et al. 2004) and 
the effects on lungs in other animals, including sheep and rabbit (Bry et al. 1997, Jobe et 
al. 2000). Despite the small size of mice and their fetuses, different tissue samples are 
easy to harvest and analyze, although the pooling of samples may be necessary for some 
methods. One drawback of the mouse model is that fetal blood samples are difficult if not 
impossible, to obtain. Thus, the levels of inflammatory agents in the fetal circulation 
could not be determined.  

Mouse carries about 6 to 14 fetuses the strain being a significant determinant of litter 
size. The fetuses are positioned in two uterine horns in individual amniotic sacs. Each 
fetus has its own placenta, which is discoid in shape similarly to humans. Functionally, 
the placentas of mouse and human are remarkably similar, but there are some differences 
in the inner structure of the placenta. Maternofetal interdigitation is the part of the 
placenta where the two separate circulatory systems, maternal and fetal, meet. In humans 
and other higher primates, these interdigitations are characterized by a tree-like branching 
pattern formed by the chorion, also called the villous tree. The most usual type of 
interdigitation, also found in mouse, is called the labyrinthine type. It is characterized by 
web-like channels filled with maternal blood or fetal capillaries. Moreover, the 
maternofetal barrier, i.e. the tissue layer between the fetal and maternal circulations, 
differs between mouse and human: There are three trophoblastic epithelial layers in mice, 
but only one layer in humans. Because of this, maternofetal diffusional transfer and active 
transport across the barrier may differ between mouse and human (Georgiades et al. 
2002). For this reason it is feasible to assume that the responses to endotoxin, as well as 
other substances, may lead to different pathophysiological phenotypes.  

In the present study the gestational age of 14 to 16 days was used for fetal 
cardiovascular assessments. Although the hearts of human and mouse are anatomically 
quite similar, it is important developmentally to consider the gestational window, since 
the heart develops differentially in human and mouse. In human, it takes about two 
months from conception for the heart to complete septation, whereas in mouse the same 
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developmental events proceed from 10 to 12 days during the first two weeks. The 
septation process is important as the primitive heart partitions into four chambers. The 
process includes the partitioning of the atria and the atrioventricular canal, the 
incorporation of sinus venosus and the pulmonary veins into the right and left atria, the 
separation of truncus arteriousus into the aortic and pulmonary roots, the creation of the 
ventricular chambers out of a single large ventricle, and the development of complex 
membraneous valves. One week after the septation mouse fetuses are born whereas the 
corresponding time interval in human is seven months. Recent data suggest that the 
mouse heart is much less mature at term and, in fact, continues to mature during the first 
days of postnatal life (Wessels & Sedmera 2003). Analogous structural immaturity of 
fetal murine lung at birth has been described (Hilfer 1983).  

The ultrasonographic technique visualizing the hemodynamics of mouse fetuses was 
established by Gui and co-workers in 1996 (Gui et al. 1996b). Since then, the 
methodology has shown a good reproducibility in other studies as well (MacLennan & 
Keller 1999, Spurney et al. 2004). Due to the small cardiac size of the fetal mouse, it is 
impossible to distinguish between the right and left ventricular inflow and outflow areas 
with this technique. However, fetal circulation is characterized by open ductus arteriosus 
and foramen ovale. Thus, the fetal ventricles function in parallel, and the pressure faced 
by both ventricles is equal. Consequently, the pathophysiological effects are likely to be 
similar in both ventricles.  

The in vitro experiment with fetal hearts made it possible to study the direct effects of 
LPS on the myocardium and the method was reliable because the fetal hearts remained 
viable throughout the experiment. Another approach would have been to study 
myocardial performance in vitro using a perfusion model or the “patch clamp” model, 
where the electrophysiological changes in cardiac cells could be detected. In fact, an 
effort was made to establish these methods, but the murine fetal myocardium was too 
small and sensitive for these methods at least when using the standard protocols. In 
addition, it may be argued that the i.p. LPS had direct cardiodepressant effects to the 
maternal circulation as well. This can not be ruled out since we could not monitor 
invasively the effects of LPS on maternal cardiovascular performance.  

6.2  Role of TLRs 

TLR4 plays a major role in the first-line recognition of LPS and in the subsequent 
signaling that leads to cytokine production. The possible significance of TLRs for the 
developing fetus is still incompletely understood. Harju and colleagues showed evidence 
that the expression of TLR2 and TLR4 in developing mice were tissue specific and 
related to gestational age (Harju et al. 2001). Other studies concerning TLRs and fetuses 
have focused using fetal cells extracted from cord blood (Yan et al. 2004). In the human 
placenta, TLR2 and TLR4 have been localized in villous and intermediate trophoblasts 
and placental macrophages (Guleria & Pollard 2000). Moreover, Kumazaki and 
colleagues have reported some evidence of increased immunoreactivity of TLR4 in 
preterm human placentas with chorioamnionitis (Kumazaki et al. 2004). TLR4 variant 



 61

alleles have been associated with an increased incidence of preterm birth in Finnish 
population (Lorenz et al. 2002a).  

After i.a. LPS challenge there was a weak but non-significant increase in the 
constitutive expression of TLR4 in the fetal membranes. The placenta showed similar 
detectable expression of TLR4, which was not affected by LPS. In contrast, the i.p. 
injection of LPS increased rapidly the expression of TLR2 in placental tissue, and 
immunostaining revealed a specific cell type in the labyrinthine part of the placenta. 
Placental trophoblast, an epithelial cell of fetal origin that forms a physiological barrier 
between the mother and the fetus, also serves as a component of the host immune system 
during pregnancy (Guleria & Pollard 2000). Producing various proinflammatory 
cytokines and possessing cytokine receptors, trophoblast cells bear some resemblance to 
macrophages, which are also found in chorionic villous stroma (Guilbert et al. 1993). The 
data from our i.p. experiment suggest that LPS induces rapid production of cytokines in 
murine placenta. In that sense, placental cells are capable of recognizing bacterial LPS 
and launching an inflammatory response, which may eventually lead to margination of 
other inflammatory cells and clearance of bacteria.  

Studies with adult mice possessing defective TLR4 signaling suggest that TLR4 
mediates LPS-induced cardiac dysfunction (Nemoto et al. 2002). Currently, the role of 
TLR4 in the fetal myocardium is not known. At ~15 days of gestation, we found 
expression of TLR4 in fetal myocardium, and the receptor was localized in the 
myocardium by immunohistochemistry. In addition, there was a significant increase in 
the production of cytokines after i.a. LPS in the fetal heart. What is even more important, 
our in vitro studies with the fetal hearts showed a similar direct cytokine response after 
the addition of LPS. At this age, fetal lung or liver did not reveal any TLR4 expression. 
However, the expression of TLR4 was initiated in fetal lung at 17 days of gestation and 
was clearly increased at term and adult lung.  

TLR4 diversity has been identified across species, but also within individuals, and it 
has been shown to contribute to an infectious disease outcome (Smirnova et al. 2003). 
For example, a study with 35 different mice strains revealed evidence of TLR4 
polymorphism in disease susceptibility (Smirnova et al. 2000). In the present study, we 
used an LPS-responsive DBA/2 strain, but it is likely that the phenotype of the LPS-
induced response may differ between strains. More importantly, one must observe certain 
prudence when comparing these results with other species or other strains. It is known, 
for example, that the mouse TLR4 complex is more sensitive in recognizing lipid A, the 
toxic structure of LPS, than is human TLR4 (Golenbock et al. 1991). These differences 
may have an important role in defining the susceptibility to infectious diseases.  

6.3  Diversity of LPS-induced inflammatory response 

Lipopolysaccharide derived from E. coli has been used frequently in earlier studies on 
intrauterine fetal responses. LPS is a plausible molecular “tool” since it induces an 
inflammatory state in the absence of overt infection. It has been shown that the sheep 
fetus is rather resistant against the toxicity of LPS when administered into amniotic fluid 
(Kramer et al. 2001). On the other hand, when administered directly into the sheep fetus, 
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very small amounts of LPS are known to be lethal (Grigsby et al. 2003). According to 
current evidence, there is a spectrum of phenotypes of the fetal response to LPS. Kallapur 
and co-workers showed that i.a. LPS challenge in sheep resulted in chorioamnionitis and 
lung inflammation (Kallapur et al. 2001). Schlafer and colleagues showed that LPS 
administration to the ewe (1 µg/kg) resulted in fetal death and preterm labor (Schlafer et 
al. 1994), while Dalitz et al. reported that the same concentration injected into the sheep 
fetus resulted in reduced placental blood flow and cerebral oxygen delivery (Dalitz et al. 
2003). In mouse, the introduction of LPS into the dam has been associated with preterm 
labor. As a rule, the authors did not describe the outcome of the fetuses or whether the 
fetuses died in utero before labor (Fidel, Jr. et al. 1994, Kaga et al. 1996). The data form 
this study shows that, after LPS administration the fetal demise followed by expulsion 
may be a common outcome in mice. 

An increased concentration of proinflammatory IL-6 in amniotic fluid has been 
associated with chorioamnionitis and preterm labor in the presence of an infectious 
background in humans (Romero et al. 1988). Moreover, the proposed fetal inflammatory 
response is characterized by elevated IL-6 in cord blood (Gomez et al. 1998). The 
transfer of LPS or cytokines across the placenta has been studied to some extent. 
Zaretsky and coworkers showed, in a human placenta perfusion model, that IL-6 could 
pass the placenta, while TNF-α and IL-1 tended to show only minimal transfer (Zaretsky 
et al. 2004). The work by Kohmura et al. with I125 labeled LPS suggested that LPS could 
cross the placental barrier in mice (Kohmura et al. 2000). In the present study, i.a. 
introduction of LPS caused a robust inflammatory response in fetal membranes, and the 
concentrations of proinflammatory cytokines, such as IL-6 and TNF-α, in amniotic fluid 
rapidly increased. In the placenta, on the other hand, the acute response was modest. 
Despite the relatively large amounts of LPS in amniotic fluid, no maternal inflammatory 
response could be demonstrated after an i.a injection. This suggests that the inflammation 
is initially limited to the amniotic cavity. If we compare these results to those from an 
intraperitoneal experiment, there is a striking difference: after i.p. LPS there was no acute 
increase in the expression of cytokines in fetal membranes, and the concentrations of 
inflammatory mediators in amniotic fluid also remained unaffected. On this basis, the 
results suggest that the placental barrier i.e. the cell layers between the mother and the 
fetus protect or delay the spreading of inflammation into both directions. In humans, it 
has been shown that intrauterine infection is often chronic and asymptomatic 
(Goldenberg et al. 2000). Moreover, in cases with increased IL-6 concentrations in fetal 
blood, the maternal cytokine levels are not usually altered (Salafia et al. 1997, Shobokshi 
& Shaarawy 2002).  

The intraperitoneal injection of LPS to mother mimics systemic sepsis or endotoxemia 
during pregnancy. In contrast to the i.a. model, the i.p. injection of LPS increased 
significantly the maternal serum concentrations of cytokines. Marked vascular congestion 
was evident six hours after LPS in the labyrinthine part of the placenta which is 
analogous to the human villous placenta consisting of chorionic trophoblast, allantoic 
mesenchyme, and vasculature. Most of the dilated vessels were maternal, as judged from 
the paucity of nucleated fetal red blood cells. It is possible that the fetal vessels in the 
labyrinth were severely engorged due to external compression by edematous 
extravascular tissue, resulting in an inappropriate increase in placental vascular 
resistance. The increased production of proinflammatory mediators, such as TNF-α and 
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IL-1, together with other possible inflammatory mediators may lead to increased 
permeability in placental tissues, resulting in acute congestion. Since the maternal 
hemodynamics could not be monitored during experiment the possible cardiac 
dysfunction of the dam is not ruled out. However, the maternal liver and lung did not 
show any edema or shock as a sign of cardiovascular collapse in six hours.  

The present data implicate that the fetal tissues respond directly to LPS, and that the 
response may vary between different tissues. After i.a. LPS, a significant increase in the 
production of cytokines was seen in fetal myocardium. The primary response was very 
rapid, suggesting a role for innate immune recognition. Indeed, fetal heart showed 
constitutive expression of TLR4, the receptor needed for NFκB activation and the 
initiation of cytokine production. In contrast, no analogous response was seen in fetal 
lung or liver. The i.p. introduction of LPS into the dam did not induce a similar acute 
inflammatory response in the fetal organs. On the other hand, the separate experiment 
with more advanced gestation ages and neonatal mice suggested that the innate immune 
response increases towards term. These findings suggest that the response in the fetus and 
in the gestational tissues could be regulated by TLR4.  

6.4  The alterations in fetal cardiovascular hemodynamics 

We demonstrate here a mechanism of acute fetal cardiovascular compromise after LPS 
administration to mice. A number of experiments have been performed to study the 
mechanism of LPS-induced cardiac depression in adults. The LPS-induced cardiac 
depression appears to relate to decreased myocardial contractility manifesting as 
diminished cardiac output and reversible reduction of preload-dependent responses. At 
the molecular level, LPS appears to depress intracellular calcium-cycling which in turn 
disturbs adequate myocardial contractility. The same alterations in cardiovascular 
function are seen in patients with severe septic cardiodepression, where circulating 
depressant factors, including TNF-α and IL-1 are shown to be responsible for the direct 
myocardial depression (Court et al. 2002). The possible link between fetal cardiac 
function and circulating inflammatory mediators has not been addressed. On the other 
hand, it is known that immature myocardium has low levels of intracellular sarcoplasmic 
reticulum and myofibrils, the organelles that regulate the metabolism of intracellular 
calcium. In that respect, the fetal myocardium could be an even more vulnerable target of 
LPS-induced myocardial depression. The present experiment demonstrated two different 
types of fetal cardiac distress, depending on the site of LPS administration. 

The data from the i.a. experiment revealed an acute increase in the production of 
proinflammatory cytokines TNF-α and IL-1 in fetal myocardium in response to LPS. The 
intra-amniotic LPS injection prolonged the ICT and IRT periods. These findings 
describing impaired contraction and relaxation of the myocardium are in agreement with 
the earlier studies showing a negative inotropic effect of TNF- α and IL-1β after LPS on 
myocytes (Oral et al. 1997). The present results further suggest that intra-amniotic LPS 
induces inflammation in the myocardium, which increases the incidence of arrhythmias, 
especially second-degree AV blocks were found. In contrast, there was no detectable 
cytokine mRNA production in the fetal myocardium after the i.p. LPS injection and the 
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ICT and IRT periods were similar to those of the controls. Although in both phenotypes 
the afterload was increased in the peripheral circulation, the presence of atrioventricular 
valve regurgitation after i.p. LPS challenge implicates that the fetal myocardium was still 
able to generate pressure (Fig. 8). Nevertheless, the i.p. administration of LPS caused a 
severe inflammatory response in placenta described by increased cytokine production and 
severe vascular congestion. The PI values from the umbilical artery and the descending 
aorta were increased indicating an elevated fetal cardiac afterload and an increase in 
placental vascular resistance The Doppler studies showed that the cardiac outflow mean 
velocities were decreased in the fetuses suggesting diminished cardiac output. According 
to present findings the acute placental lesion led to fetal cardiac compromise, whereas in 
the i.a. model the inflammatory response in the myocardium contributed to the 
development of cardiac dysfunction. Severe fetal hypoxemia and acidemia may depress 
fetal cardiac output, which cannot be excluded in these experiments.  

In the peripheral arterial circulation, i.a. LPS challenge increased vascular impedances 
in the placenta and the fetal lower body, as indicated by the increased PI values in the 
umbilical artery and the descending aorta. On the other hand, vascular impedance was 
decreased in the intracranial artery. The decrease in fetal cardiac output and blood 
pressure triggers compensatory mechanisms, including an increase in catecholamine 
secretion. Sensitivity of vessels to catecholamines varies, the cerebral, adrenal and 
coronary arteries are not sensitive to the catecholamine stimulus, leading to redistribution 
of arterial circulation, called the “brain-sparing” effect. This phenomenon has been 
described earlier in pregnancies complicated by placental insufficiency (Wladimiroff et 
al. 1987). This redistribution could be seen also after i.p. LPS as the impedance of 
descending aorta was elevated and the PI values of intra cranial artery were unchanged, 
suggesting decreased blood flow in the lower body.  

The cardiac neurohormone BNP has been used as a sensitive marker of left ventricular 
dysfunction (Atisha et al. 2004). Additionally it has been proposed to be a marker of 
cardiac compromise in sepsis (Castillo et al. 2004). The possible correlation has not been 
studied in fetal period. We showed that fetal ventricular BNP production was increased in 
proportion to the severity of fetal cardiac compromise after i.a. LPS. In contrast LPS 
itself did not increase production of natriuretic peptides after LPS in vitro studies. This 
suggests that the rapid production of BNP in the ventricular myocytes was induced by 
increased afterload.  
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Fig. 8. The two different phenotypes of fetal cardiac distress demonstrated in the present 
study. 
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6.5  Summary and future implications 

Fetal death and severe asphyxia during the perinatal and neonatal periods are still a major 
cause of perinatal mortality and long-term morbidity of the infant. In most cases, the 
primary precipitating cause remains unclear. In many cases, the role of acute infection or 
inflammation in pathogenesis is suspected. In the present study, the acute myocardial or 
placental cytokine response is associated with progressive fetal cardiovascular 
compromise. Additionally, the present data suggest that, TLRs may regulate the 
inflammatory responses in the fetus and the placenta. In this study, the fetal heart was 
demonstrated as the primary target of the fetal inflammatory insult following endotoxin 
exposure into the intra-amniotic space. In addition, after introducing LPS into the 
peritoneal cavity of the dam, an acute placental defect and secondary fetal cardiac 
compromise were revealed.  

The components of the innate immune system as well as the toxic compounds of 
microorganisms may be considered targets for therapeutical interventions. In humans, 
genotyping of the innate immune system polymorphisms, such as TLRs, could be used as 
a sign of susceptibility to severe infection and inflammatory diseases. However, this 
requires large-scale testing of individuals with a spectrum of gene polymorphisms 
involving the innate immune system and of microbes for a number of genes influencing 
pathogenity. On the basis of genotyping and phenotyping, specific prophylactic inducers 
or inhibitors of the innate immune system could be developed to decrease the severity of 
infection or inflammatory disease. 

Anti-cytokine therapies have remarkably improved the treatment of rheumatoid 
arthritis during the past decade. However, trials with similar therapeutic mediators in 
sepsis or severe infections have not been successful (Opal et al. 1997) (Panacek et al. 
2004). In fact, administration of active cytokine antagonists may result in an increase of 
lethal infections. On the other hand, antibodies against the conserved structures of LPS 
have been suggested to provide protection against a Gram-negative sepsis. These anti-
endotoxin agents have been used in phase I studies in human volunteers but the effect on 
the survival rate of patients has been minimal (Cross et al. 2004). Recently, recombinant 
human activated protein C was shown to reduce mortality in a phase III study in patients 
with severe sepsis (Bernard et al. 2001). The frequency of sepsis has not decreased in the 
recent past, and the mortality remains high (Martin et al. 2003a), thus additional 
therapeutic measures are needed in the future. The present results may help to develop 
new experimental therapies. For example, inhibitors of TNF-α that are specific to the 
cardiac effects could ameliorate to the drop in cardiac output associated with sepsis.  



7 Conclusions 

The present study proves the hypothesis stating that acute consequences of LPS on the 
fetus depend on the route by which it reaches the fetus. To summarize the results: 

1. A novel mouse model was established. Intra-amniotic LPS acutely increased the 
concentrations of cytokines in amniotic fluid and the production of cytokines from 
fetal membranes was demonstrated. (I) 

2. The fetal myocardium, which possesses TLR4 as the LPS recognition receptor, 
produced proinflammatory cytokines in response to intra-amniotic LPS. The response 
in the myocardium was associated with severe cardiac dysfunction, presumably caused 
by excess of TNF-α and IL-1β. Ventricular BNP expression increased in proportion to 
the severity of cardiac dysfunction, and an increase in cardiac afterload. (I-II) 

3. Despite the lack of a cytokine response in the fetal heart or the other tissues studied, 
intraperitoneal LPS administration to the dam led to the development of severe fetal 
cardiac dysfunction. The findings imply that the placental barrier may protect the fetus 
against a direct acute inflammatory insult. However, acute placental lesions lead to a 
fetal compromise. (III)  

4. Studies involving diverse LPS administrations and different gestational ages suggest 
that the inflammatory cytokine production in the fetal and maternal compartments in 
response to LPS is regulated by TLR4. (I, III, IV) 
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