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Figure 1 Illustration of the theory of 

Barker’s fetal origin of adult disease also 

referred to as fetal programming. 

(Greenblum and McNamara 2010) 

1. Einleitung/Introduction 
 

1.1. Problem 

Numerous studies reveal that intrauterine growth restriction (IUGR) is associated with an 

increased prevalence of chronic diseases in later life, such as cardiovascular diseases 

(Barker and Osmond 1986, Osmond et al. 1993, Huxley et al. 2007), hypertension (Curhan 

et al. 1996a, Curhan et al. 1996b), diabetes mellitus type 2 (Hales and Barker 1992, Curhan 

et al. 1996b), obesity (Kensara et al. 2005), asthma (Nepomnyaschy and Reichman 2006),  

atopic dermatitis (Steffensen et al. 2000) and mental disorders (Indredavik et al. 2005, Betts 

et al. 2011, Lund et al. 2011). Barker was 

among the first to discover the relationship 

between low birth weight, as a result of poor 

maternal nutrition, and increased life time 

risk for coronary heart disease (Barker et al. 

1989). He postulated the fetal origin of adult 

disease hypothesis (Figure 1), proposing 

that the fetal adaptions and developmental 

changes are permanently and increasing 

the risk to suffer from a chronic disease in 

adult life. 

To date, Barker’s hypothesis has been 

confirmed in clinical studies and animal 

models, which demonstrate negative short- 

and long-term consequences of different 

environmental challenges during pregnancy 

on offspring health. In addition to poor 

maternal nutrition, environmental factors 

such as exposure to smoking (Seller and 

Bnait 1995, Gilliland et al. 2003, Lannerö et 

al. 2006, Penn et al. 2007), alcohol (Sen 

and Swaminathan 2007, Zammit et al. 2009), pollution (Herr et al. 2011, Wood et al. 2011) 

and stress (Wright et al. 2004, Weinstock 2005, Sausenthaler et al. 2009) could be identified 

to trigger the incidence of chronic diseases in later life of the offspring, frequently 

accompanied by low birth weight/IUGR. This is also referred to as fetal programming 

(Gluckman et al. 2008). However, the underlying mechanisms that “program” the fetus and 

result in the increased vulnerability of the offspring to develop chronic diseases in later life 

still remain largely elusive. The growing incidence of diseases such as cardiovascular 

diseases, diabetes mellitus type 2 and the rise of IUGR during the last decade (Romo et al. 
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2009, Beard et al. 2009), as well as the changing role of women in the Western society with 

more and more women experiencing an increased stress perception (Solano et al. 2011) 

indicate the need to identify the mechanisms of fetal programming. This identification would 

allow the primary prevention of such risks and would offer approaches for therapeutic 

interventions to protect the developing fetus from negative consequences of prenatal 

environmental challenges and ensure a stable intrauterine environment. It can be proposed 

that a potentially important mediator of e. g. stress during pregnancy may be the placental 

expression of heme oxygenase-1 (HO-1). HO-1 is an enzyme expressed in most tissues 

under physiological conditions and involved in tissue homeostasis (Keyse and Tyrrell 1989, 

Ryter et al. 2006, Scott et al. 2007, Gozzelino et al. 2010). Moreover, it is susceptible to 

environmental factors (Motterlini et al. 2000, Ryter et al. 2006, Xiang et al. 2011). HO-1 is 

highly expressed in placenta throughout pregnancy (Watanabe et al. 2004, Zhao et al. 2009) 

and known to play a regulatory role in a number of inflammatory processes and act 

pregnancy-protective (Liu et al. 2001, Bainbridge and Smith 2005, Kobayashi et al. 2006, 

Orozco et al. 2007, Patil et al. 2008, Sheikh et al. 2011, Elmarakby et al. 2012, Sass et al. 

2012). 

 

1.2. Placenta and pregnancy 

 

Human and mouse placenta: similarities and differences 

Placenta is the first organ that is formed during mammalian embryogenesis and builds an 

interface between fetal and maternal environment. It is necessary for fetal growth and 

viability and stimulates maternal well-being throughout pregnancy. Mammals have developed 

different kinds of placentation, which differ in structure and composition of placental barrier 

tissues, separating maternal from fetal blood (Grosser 1909, 1927). Human placenta is 

composed of maternal and zygote-derived (fetal) tissues with a zygote-derived trophoblast 

layer, which comes into direct contact with the maternal blood, forming a so-called 

hemochorial placenta. The similarities between murine and human hemochorial placentas, 

allow translating the results from mouse models to explain human physiology. To overcome 

the limitations of working in an animal model, it is also necessary to consider the differences 

between both species (Figure 2). The duration of pregnancy in mice takes between 18 and 

21 days. 

 

Functions of the hemochorial placenta 

The placenta is the crucial factor for fetal nutrient supply and creating a protective and stable 

environment for the developing fetus. This is achieved in various ways, involving different 
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Figure 2 Comparative anatomy of the mouse (a) and human (b) 

placenta. The inset images show a cross-section through the feto-

maternal interface and illustrate the number and type of cell layers 

between the maternal and fetal blood. (Rossant and Cross 2001) 

types of feto-maternal interfaces, as has been summarized by Georgiades et al. (Georgiades 

et al. 2002). They described five principal placental functions:  

1. Protection of the fetus from the maternal immune system. 

2. Assurance of adequate fetal nutrient supply and toxic waste removal. 

3. Adaptation of maternal vasculature and blood volume for optimal substances exchange.  

4. Synthesis and secretion of hormones. 

5. Maintenance of the pregnant uterus in the necessary physiological condition.  

These functions can be affected by intrinsic and extrinsic, i.e. environmental, factors, 

demanding a placental adaptation helping to maintain the needed nutrient supply to the 

fetus, as a major determinant of intrauterine growth. Hence, these placental functions 

indicate the relevant role of placenta in fetal programming. Environmental challenges can 

lead through placental adaptation to changes in placenta, including size and morphological 

structure (Fowden et al. 2006) affecting fetal nutrient supply.  

 

 

Anatomy of the placenta 

The biological structure of murine placenta with hemochorial interface, which develops 

around gestation day (gd) 10.5, is comparable to second and third trimester in human 

pregnancies (Georgiades et al. 2002). The following description of the anatomy of murine 

placenta serves to provide an overview and better understanding of the placentas used for 

experiment in the present thesis. 

Mature placenta is of discoid shape and consists of distinct layers (Figure 3). On the fetal 

side there is the labyrinth layer where direct gaseous and nutrient exchange takes place 
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between fetal and maternal blood. Maternal blood flows in maternal blood spaces between 

highly interconnected villi, directly contacting the hemochorial interface, which is formed by 

trophoblast cells (fetal tissue). Centrally, the umbilical cord attaches to the labyrinth 

connecting fetal circulation with two arteries and a vein to the placenta and maternal 

circulation. The spongiotrophoblast cells build up the junctional zone with endocrine function. 

A line of trophoblast giant cells separates fetal placenta and maternal decidua. Decidua 

refers to modified endometrium where the placenta attaches to the uterus during pregnancy. 

It contains maternal vasculature reaching into labyrinth layer for substances exchange.  

In mice, as a commonly used measurement indicating changes in placenta function, the 

labyrinth/junctional zone (L/JZ) ratio can be calculated. It is defined as the ratio of labyrinth 

and junctional zone layer sizes.  

 

                       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3. Immunological adaption to pregnancy 

Pregnancy is considered as a very special immunological setting. Medawar was among the 

first to describe the unique immunology of the feto-maternal interface calling the fetus a 

semi-allograft, carrying foreign antigens and molecules from the father without being rejected 

by the maternal immune system (Medawar 1952). This is an immunological challenge for the 

pregnant mother and her immune system has to undergo several adaptational processes in 

order to prevent rejection of the growing fetus and ensure pregnancy success. The 

mechanisms contributing to fetal tolerance have been identified to some extent in human 

Umbilical cord 

Figure 3 A schematic drawing of the anatomy of the  

mature murine placenta. (Watson and Cross 2005) 
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Figure 4 A schematic diagram illustrating the complex 

immunological crosstalk between different immune cells 

at the feto-maternal interface with the focus on decidual 

NK cells functioning as switchboards. (Karimi et al. 

2008) 

 

pregnancies, but remain not 

fully understood. Human 

trophoblasts (fetal tissue in 

direct contact with maternal 

tissue) do not express the 

human leukocytes antigens 

(HLA) class II and the classical 

HLA-A and –B, but a specific 

array of non-classical class I 

molecules (HLA-E, -G), which 

both enables them to inhibit or 

evade the detection by 

maternal immune cells, such 

as cytotoxic (CD8+) T, natural 

killer (NK) and dendritic cells 

(DCs). Also involved in 

immunological adaptation to 

pregnancy are decidual NK 

(dNK) cells, a unique subpopulation of NK cells that function as switchboards, licensed and 

educated to control trophoblast invasion, vascular remodeling, and to interact with DCs 

(Karimi et al. 2008) especially during the first trimester of pregnancy (Figure 4). DCs, which 

are largely present in decidua of normal pregnancy, not only induce NK cell activation, they 

also activate T helper cells (identified as CD4+) through antigen presentation and promote 

expansion of T regulatory (Treg) cells, that have been characterized by their CD4+CD25+ 

phenotype and represent a third of all CD4+ T cells in pregnancy. Treg cells and their 

suppressive nature, including inhibition of NK and T helper cell functions through i.e. IL-10, 

have proven to be essential for mediating maternal tolerance to the fetus during implantation 

since their depletion lead to pregnancy failure during early murine pregnancy (Aluvihare et al. 

2004). Interestingly, Treg depletion in the second half of murine pregnancy does not affect 

fetal development (Shima et al. 2010), indicating a more moderate function in late 

pregnancy. 

 

Role of CD8+ T cells during pregnancy 

 

CD8+ T cells, cytotoxicity and pregnancy complications 

Cytotoxic T cells are lymphocytes and belong to the CD8+ subset of T cells, developing in the 

thymus. They can recognize specific antigens and kill cells by induction of programmed cell 
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death (apoptosis). Allograft rejection is largely mediated by activated CD8+ T cells. To 

become activated, naïve T cells need to interact with antigen presenting cells (APCs), such 

as dendritic cells or macrophages, that are presenting specific antigens bound to MHC class 

I molecules or directly with the target cell. The binding to the antigen and MHC class I 

molecule via T cell antigen receptor (TCR) provides activation, together with co-receptors 

CD8 and CD28, which strengthen the activation signal. Activated CD8+ T cells kill specifically 

target cells like, for instance, virus-infected cells, cancer cells or allografts, by the release of 

cytotoxic effector proteins (perforin and granzymes) or interaction of transmembrane proteins 

expressed on cytotoxic T and target cell (FASL/FAS). CD8+ T cells are present at the feto-

maternal interface but their function during normal pregnancy is unknown. Pregnancies with 

preeclampsia and abortion seem to be related to changes in CD8+ T cell frequency and 

function (Joachim et al. 2001, Carbone et al. 2010, Molvarec et al. 2011), indicating that 

CD8+ T cells are critically involved in regulating trophoblast invasion and pregnancy 

protection (Erlebacher et al. 2007). 

  

Trophoblast recognition versus antigen recognition 

Mechanisms of how decidual CD8+ T cells are activated during pregnancy and promote fetal 

tolerance are controversial. Two distinct hypotheses have been expressed, involving 

trophoblast versus antigen recognition. Shao et al. (Shao et al. 2005) described previously 

unknown CD8+ Treg cells in decidua, as a subset of CD8+ T cells. They reported that human 

placental trophoblast cells could activate such CD8+ Treg cells, which are not restricted to 

MHC class I molecules, but require a costimulation through carcinoembryonic antigen (CEA) 

expressed on trophoblasts in early pregnancy. The CD8+ Tregs promote tolerance by 

suppression of T cell dependent B cell differentiation, as was shown in vitro, suggesting a 

potential protection of the fetus from destructive antibody effects in vivo. Erlebacher et al. 

(Erlebacher et al. 2007) proposed that fetal tolerance is ensured by CD8+ T cells activated by 

indirect fetal antigen presentation through trophoblast cells, resulting in defective priming and 

clonal deletion. In vitro activated indirectly alloreactive T cells were also unable to attack the 

fetus. Further, no direct fetal antigen presentation occurs, leaving CD8+ T cells, as major 

mediator of allograft rejection, less of a threat since they do not recognize but ignore the fetal 

allograft. 

 

Regulator CD8+ T cells  

Within the CD8+ T cell population, naturally occurring Treg cells could be identified by the 

expression of CD122+ (IL-2 receptor ß chain). In genetically CD122-deficient mice, their role 

for sustaining immune homeostasis has been demonstrated as the CD8+ Treg cells reverted 

severe hyper-immunity due to abnormally activated T cells via regulating potentially 
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Figure 5 A schematic drawing of heme 

metabolism catalyzed by HO-1 with its cyto-

protective products. (Modified after: Babusikova 

et al. 2008)  

dangerous CD8+ T cells (Rifa’i et al. 2004). To date, no information is available on the role of 

CD8+CD122+ T cells in pregnancy and fetal tolerance. 

 

1.4. HO-1 

Furthermore, immunomodulatory molecules such as Indoleamine 2,3-dioxygenase (IDO) 

(Hönig et al. 2004, Miwa et al. 2005) or Galectin-1 (Blois et al. 2007) are involved in 

reproductive success and, as Blois et al. demonstrated for Galectin-1, play a pivotal role in 

conferring feto-maternal tolerance through multiple mechanisms. Another potent 

immunomodulatory molecule is HO-1. Due to the many properties attributed to HO-1 (as 

described below) it has been proposed to affect pregnancy and normal function of placenta.  

 

HO-1 is the rate-limiting enzyme that catalyzes the first step of the degradation of heme into 

biliverdin with the products carbon monoxide (CO) and ferrous iron (Fe2+) at the expense of 

molecular oxygen and NADPH (Figure 5). The inducible enzyme is involved into tissue 

homeostasis and is susceptible to environmental factors. HO-1 is widely expressed in 

placenta during pregnancy, but its role in placental function is not well understood until today. 

In early pregnancy could be shown that immunological abortions are associated with local 

HO-1 down-regulation, while an up-regulation prevented abortion in mice (Zenclussen ML et 

al. 2006). Further, a down-regulation/deficiency of HO-1 could be detected in human 

placenta samples of mothers suffering from preeclampsia (Zenclussen AC et al. 2003). 

 

HO-1 and its immune-modulatory properties 

The tissue-protecting effects of HO-1 are mainly due to the products of heme metabolism 

(Figure 5). Biliverdin is converted to 

bilirubin by biliverdin reductase before it 

acts as physiological antioxidant and 

potent scavenger of reactive oxygen 

species (Stocker et al. 1987). Ferrous 

iron binds to ferritin, the primary 

intracellular protein for storing iron and 

is kept in a soluble and non-toxic form 

until recycled for further cell processes, 

such as heme synthesis. Fe2+ functions 

as a stimulator of the synthesis of 

ferritin and provides cytoprotection 

through the antioxidant capability of 

ferritin (Eisenstein et al. 1991, Balla et 
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al. 1992). CO has multiple functions in different cellular mechanisms and acts amongst 

others anti-oxidative, anti-inflammatory and anti-apoptosis. 

The role of HO-1 during pregnancy has not been completely discovered. In transplants, the 

up-regulation of HO-1 promotes graft acceptance (Soares et al. 1998, Pileggi et al. 2001). It 

is not known if the placenta adopted this mechanism for fetal tolerance during pregnancy. 

Findings in humans, where significantly higher amounts of HO-1 mRNA in myometrium of 

pregnant uterus were found compared to non-pregnant myometrium (Acevedo and Ahmed 

1998) and high placental HO-1 expression in mice (Watanabe et al. 2004) suggest a relevant 

role of HO-1 for successful pregnancy. This hypothesis was strengthened by further reports 

such as low HO-1 expression in stress-triggered and IL-12-mediated murine abortions 

(Zenclussen AC et al. 2002) and increased fetal weight after injections of adenoviral HO-1 

vector into pregnant rats (Kreiser et al. 2002). HO-1 removes cytotoxic free heme from cells 

and is thought to function pregnancy-protective through its metabolites (Figure 5). Their 

tissue-protecting effects grant protection of the fetus from oxidative injury and rejection. In 

addition HO-1 might be needed to supply the fetus with iron, an essential element for cellular 

growth and fetal development (Watanabe et al. 2004). CO, a potent vasodilator, impacts 

vascular tone in uterus and placenta, as was shown, e. g., by a CO-induced decrease of 

placental perfusion pressure (Bainbridge and Smith 2002), indicating CO having a part in the 

maintenance of adequate blood flow at the feto-maternal interface. Furthermore, CO is likely 

involved in the down-regulation of uterine contraction (via the HO-CO-pathway) (Watanabe 

et al. 2004). The functions of HO-1 and its metabolites during pregnancy remain a field of 

research.  

 

HO-1 and CD8+ T cells 

HO-1 is also known to have potent immune regulatory functions by interacting directly with 

CD8+ Treg cells (Andersen et al. 2009). In recent studies, a HO-1 specific CD8+ Treg 

population was described in cancer patients, which were recruited by tumor cells via HO-1 

expression. The cells do not express a certain phenotype and could only be characterized by 

their specificity. They show a strong inhibition of cytotoxicity, proliferation and cytokine 

release of other T cells resulting in a very effective local immune suppression, stronger than 

that promoted by common Treg cells, leading to tumor immunity. To date, the role of such 

HO-1 specific CD8+ Treg cells in cell-mediated tissue protection during pregnancy has not 

been investigated yet.   
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1.5. Hypothesis and research objectives  

We1 propose that changes of placental HO-1 expression can mediate the effects of 

environmental challenges on pregnancy. As environmental challenge we employ a stress 

model simulating perceived psychological stress, which is a daily stressor for a growing 

number of women in the Western world and can affect fetal development. 

 

 

Primary hypothesis 

Stress challenges during late pregnancy lead to impaired pregnancy outcome. 

Secondary hypothesis 

Changes in HO-1 expression mediate the effects of stress during pregnancy via immune 

pathways. 

Objectives  

To address these hypotheses, the following objectives have been outlined 

1. To identify if stress challenges during late pregnancy alter HO-1 expression on the 

protein level in the placenta. 

2. To identify if stress challenges during late pregnancy alter HO-1 mRNA expression in 

the placenta. 

3. To test if stress challenges during late pregnancy affect fetal development and 

reproductive outcome. 

4. To determine the effect of reduced HO-1 expression at the feto-maternal interface on 

fetal weight and placental function.  

5. To assess if fetal weight is modulated by an altered placental function. 

6. To identify if stress challenges during late pregnancy alter HO-1 expression in 

maternal immune cells. 

7. To determine if reduced expression of HO-1 affects maternal immune adaptation to 

pregnancy.  

                                                 
1
 Though all experiments have been carried out independently by myself, I see myself as part 

of the research group and therefore use we instead of I in the present thesis.  
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Figure 6 Experimental setup for prenatal stress intervention in the stress group. 

 

2. Material und Methoden/Materials and methods 

 

2.1. Mice 

6-8 week old virgin female BALB/c mice and 8-10 week old DBA/2J male mice were 

purchased from Charles River (Sulzfeld, Germany). 6-8 week old virgin female and male 

BALB/c mice heterozygous for a genetic deletion of the Hmox gene encoding for the enzyme 

HO-1 (Hmox+/-) were obtained as a kind gift from T.Y. Tsui (Department for General Surgery, 

University Medical Center Hamburg-Eppendorf). All animals were maintained in the Animal 

Facility of University Medical Center Hamburg-Eppendorf with a 12 hours light/dark cycle. 

The mice were given mouse chow and water ad libitum. The mice were allowed to adjust to 

the facility for one week prior to mating. Animal care and experimental procedures were 

conducted according to University Hospital Hamburg-Eppendorf policies, conforming to 

ethical standards according to the German Animal Welfare Act (Deutsches 

Tierschutzgesetz). Ethical approval was given by State Authority of Hamburg (ORG_526, 

G10/067).  

 

2.2. Maternal stress protocol and experimental setup 

BALB/c females aged 8-10 weeks were mated with DBA/2J males. Mating was assessed 

upon the appearance of a vaginal plug, which was checked for every morning. The day of 

appearance of the plug was designated gestation day (gd) 0.5. Successful pregnancy was 

determined by the females’ weight increase on gd 8.5 and 10.5. Pregnant dams were 

randomly divided into two groups: (1) control group and (2) stress group. Controls were kept 

undisturbed throughout pregnancy. The stress group was challenged by exposition to sound 

stress of 75 dB at 300 Hz emitted for 1 second, 4 times per minute by a mouse repellent 

device (Digger, X4-Life), placed in the mouse cage for 24 hours commencing between 9-11 

a.m. on gd 12.5 and 14.5 (Figure 6). 

Hmox+/- females aged 8-10 weeks were mated to Hmox+/- males (generated by Yet et al. 

1999). Pregnant dams were kept undisturbed throughout pregnancy. 
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2.3. Tissue preparation 

 

2.3.1. BALB/c x DBA/2J mating 

On gd 16.5 dams were anesthetized by carbon dioxide and oxygen inhalation and sacrificed 

by cervical dislocation. The inguinal lymph nodes, which drain the uteri, were collected and 

implantation sites were documented. The abortion rate was calculated as percentage of 

abortion sites from number of total implantation sites. Each uterus was rapidly placed in 

RNAlater® solution (Ambion) at room temperature (RT) to stabilize the RNA for quantitative 

Real-Time Polymerase Chain Reaction (qRT-PCR). The fetuses were separated from the 

placenta and body weights were recorded. Tails and legs of the fetus were taken for further 

PCR/genomic analyses. Lymph nodes were placed into falcon tubes with phosphate buffered 

saline (PBS), on ice. Placenta samples and decidua were quickly dissected and kept in 

RNAlater®. After 22-24 hours the samples were moved to -20 °C storage. 

 

2.3.2. Syngeneic BALB/c Hmox+/- mating 

The uterus was placed in a petri dish filled with PBS. The fetuses were separated from the 

placenta and body weight was recorded. Tails and legs of the fetus were taken for 

PCR/genomic analyses. Lymph nodes were placed into a falcon tube with PBS, on ice. For 

immunohistochemistry the placenta samples covered with uterus were embedded in cryo-

embedding medium TissueTek® (Sakura) and put on dry ice until frozen. The samples were 

then stored at -80 °C until further use. 

 

2.4. Flow cytometry 

 

2.4.1. Isolation of lymphocytes from inguinal lymph nodes 

Tissue was processed to obtain single cell suspensions in FACS buffer (0.5 % BSA in PBS). 

Briefly, lymph nodes were mashed through a 40 µm filter. Cells were then washed with 8-15 

ml ice cold PBS, spun at 450 g for 8 min at 4 °C and re-suspended in 500 µl FACS buffer. 

Trypan blue negative viable cells were counted using a hemocytometer. FACS analysis was 

used to further exclude potential dead cells and other debris based on granularity and size. 

 

2.4.2. Flow cytometry protocol 

5x105 isolated lymphocytes were added to a 96-well plate. Cells were spun for 4 min at 400 g 

and 4 °C, then resuspended in 50 µl solution of Fc Block (antibody anti-CD16/CD32 0.2 % in 

FACS buffer) to prevent non-specific binding. After 15 min of incubation on ice, cells were 

washed by addition of 150 µl FACS buffer spinning for 4 min at 400 g and 4 °C. 50 µl of the 

antibodies mix against specific surface antigens were added at optimized dilutions (Table 1), 
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to cells which did not require extracellular staining 50 µl FACS buffer was added. Cells were 

incubated on ice for 30 min in the dark and afterwards washed with 150 µl of FACS buffer 

and spun for 4 min at 400 g and 4 °C. Cells were then permeabilized for 20 min using 50 µl 

of CytoFix/CytoPerm (BD Biosciences), and washed twice with 150 µl of PermWash (BD 

Biosciences). Cells were spun for 4 min at 400 g and 4 °C. 50 µl of the solutions of 

antibodies against intracellular antigens were added as required, and cells were incubated 

on ice for 30 min in the dark. In wells where no intracellular staining was required, 50 µl of 

PermWash was added. After incubations cells were washed with 150 µl of PermWash and 

spun for 4 min at 400 g and 4 °C. All cells were then fixed by adding 200 µl of BD Stabilizing 

Fixative (BD Biosciences) to each well. Acquisition was performed using FACSCanto II (BD 

Biosciences), with compensation set using single-color stained samples. Data was analysed 

using FloJo software (FloJo, TreeStar) to investigate frequency and phenotype of maternal 

immune cell populations.  

 
Antigen 

Specificity 
Fluorochrome Clone  Dilution Company/catalog 

number 

CD3e 
CD279 
CD122 
CD28 
CD11c 
CD8a 
MHCII 
HO-1 

CD11b 

APC 
FITC 
PE 

PerCP-Cy5.5 
PE-Cy7 
Pac Blue 

FITC 
PE  

PerCP-Cy5.5 

145-2C11 
J43 

TM-b1 
37.51 
HL3 

53-6.7 
14-4-4S 
HO-1-2 
M1/70 

1:200 
1:200 
1:200 
1:200 
1:200 
1:200 
1:200 
1:100 
1:200 

Biolegend/100311 
eBioscience/11-9985-82 
eBioscience/12-1222-81 
eBioscience/45-0281-82 
BD Pharmingen/558079 

Biolegend/100725 
BD Pharmingen 553543 

Abcam/ab83214 
BD Pharmingen/550993 

 

Table 1 List of antibodies used to perform the flow cytometric analysis of leukocytes isolated 

from inguinal lymph node tissue. 

 

 

2.5. Genomic PCR 

 

2.5.1. DNA isolation 

Fetal tails were collected on gd 16.5. Genomic DNA was isolated using the Tissue DNeasy 

Kit (Qiagen, Germany) according to the manufacturer’s manual instructions.  

 

2.5.2. Polymerase chain reaction (PCR) for fetal sex determination 

Isolated genomic DNA was used for PCR analysis to determine fetal gender. PCR was 

employed to detect the presence or absence of the Y chromosome according to established 

protocol (Lambert et al. 2000) and described primer sequences (Table 2, Eurofins) were 

used. The 402 bp band (Sry) obtained identifies the male fetuses and the 544 bp product 

(IL3) confirms the correct amplification of the template DNA (Figure 7). A 100 bp DNA ladder 

(Invitrogen) was used as length standard. 
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Table 2 List of primer sequences used for fetal sex determination. 

 

 

 

 

 

  

 

 

 

 

 

 

2.5.3. PCR for determination of fetal HO-1 genotype 

Isolated genomic DNA of the offspring of Hmox+/- mothers was used for PCR determination 

of the fetal HO-1 genotype. Two sets of primers were specially designed to differentiate wild 

type (wt) and mutants (Table 3, Tib Molbiol, Berlin). 1 µl DNA samples were prepared with 

12.5 µl KAPA 2G Fast Ready Mix with Dye (Peqlab), 9.5 µl Diethylpyrocarbonate (DEPC) 

water (1 ml DEPC (Roth) in 1000 ml distilled water, autoclaved) and 1 µl of required primers 

in a dilution of 1:10. Amplification protocol for PCR was as follows: initial denaturation 95 °C 

for 2min, denaturation 95 °C for 45 sec, annealing 60 °C for 1 min, extension 72 °C for 30 

sec, final extension 72 °C for 5 min. Wild type (Hmox+/+), Heterozygote (Hmox+/-) and Knock-

out (Hmox-/-) genotypes were analysed by gel electrophoresis using Agarose Sieve 3:1 

(Biozym Scientific GmbH) in a concentration of 1.5 %. The gel was prepared by dissolving 

the appropriate amount of agarose in Tris-acetate-EDTA (TAE) buffer (Invitrogen) and boiling 

in a microwave. After cooling, 4 μl ethidium bromide solution 1 % (Invitrogen, 10 mg/ml) was 

added and the solution was cast into the gel tray containing a comb. After the gel had 

solidified, the comb was removed, creating empty wells. Finally the chamber was filled with 

TAE buffer, so that the gel was fully covered. A 100 bp DNA ladder (Invitrogen) was used as 

length standard. Electrophoresis was performed at voltage of 110 V. The detection of DNA 

Sry Primer 1 (20mer) 5’-TGGGACTGGTGACAATTGTC-3’ 

Sry Primer 2 (20mer) 5’-GAGTACAGGTGTGCAGCTCT -3’ 

IL3 Primer 1 (20mer) 5’-GGGACTCCAAGCTTCAATCA-3’ 

IL3 Primer 2 (20mer) 5’-TGGAGGAGGAAGAAAAGCAA -3’ 

Figure 7 PCR amplification of fetal IL3 and Sry genes. Columns show the 

electrophoresis results for a female sample used as – (negative) control, a male sample 

(+ control) and fetal samples. Presence or absence of the Y chromosome was used to 

determine fetal sex. 
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Table 3 List of primer sequences used for fetal HO-1 genotyping. 

 

Figure 8 PCR amplification of fetal DNA. Samples represent Hmox+/+, Hmox+/- and 

Hmox-/- DNA amplified with neo and wild primers. The 465 bp band (wild) shows the HO-

1 gene. The 400 bp band (neo) obtained identifies the XhoI-BamHI neomycin resistance 

gene (neo) expression cassette, which is the mutated HO-1 gene. The presence of both 

bands in the gel electrophoresis indicates a Hmox+/- genotype, whereas only one 465 bp 

band obtained identifies Hmox+/+ and only one 400 bp band identifies Hmox-/- genotype. 

bands was performed under UV light using the gel documentation system BioDoc II with the 

associated software BioDoc Analyse 2.0 by Biometra.  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Wild type Primer Forward (19mer) 5’-GGTGACAGAAGAGGCTAAG-3’ 

Wild type Primer Reverse (19mer) 5’-CTGTAACTCCACCTCCAAC-3’ 

Mutant Primer Forward (20mer) 5’-TCTTGACGAGTTCTTCTGAG-3’ 

Mutant Primer Reverse (19mer) 5’-ACGAAGTGACGCCATCTGT-3’ 
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2.6. Copy DNA 

 

2.6.1. RNA isolation 

Placentas were kept in RNAlater® at -20 °C. The RNA isolation was carried out with the 

RNeasy Plus Universal Mini Kit (QIAgen) according to the manufacturer’s manual. For tissue 

homogenization Precellys®24 (PeQlab), micro packaging vials (PeQlab) with ceramic beads 

(1.4 mm) (PeQlab) were employed. Up to 50 mg of placental tissue was placed into the vials 

and 900 ml Lysis Reagent (QIAzol) were added. Homogenization followed with 2 cycles each 

20 sec at 5500 rpm, a break of 5 sec between cycles. Vials were put on ice immediately after 

homogenizing and RNA isolation was performed. All steps were carried out under sterile and 

RNase-free conditions. 

 

2.6.2. Determination of RNA quantification and quality 

 

2.6.2.1. RNA quantification 

Concentration and purity of RNA was quantified using NanoQuant technology by Tecan 

(microplate reader infinite® M200, NanoQuant plate™, i-control™ software). Samples were 

measured in duplicates from a sample volume of 2 µm. The ratio of the absorbance at 260 

and 280 nm (A260/280) was used to assess the purity of nucleic acids. For pure RNA, 

A260/280 is 2.0. The ratios observed in the processed samples ranged from 1.96-2.01. 

 

2.6.2.2. RNA integrity and RNA integrity number (RIN) 

Assessment of RNA integrity was performed by Agilent 2100 Bioanalyser. Agilent 2100 

Bioanalyser Software and Agilent RNA 6000 Pico Kit were used according to the 

manufacturer’s manual. Agilent RNA kits contain RNA Pico chips and reagents designed for 

analyses of RNA fragments by electrophoretically separation based on fragment size (Figure 

9). The RNA integrity number (RIN) is a software tool designed to estimate the integrity of 

RNA samples. The software assigns an integrity number (1-10) to a sample by analyzing the 

entire electrophoretic trace of the total RNA sample, including the presence and absence of 

degradation products. A RIN of 10 means completely intact RNA, whereas a low RIN 

indicates degenerated RNA. Our samples were assigned a RIN of 7.3 or higher, indicating 

good conditions for qRT-PCR (Fleige and Pfaffl 2006). 
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2.6.3. Testing purity of isolated RNA 

 

2.6.3.1. PCR, gel electrophoresis and DNA digestion 

Possible DNA contamination of the isolated RNA was tested by PCR and gel electrophoresis 

(Agarose 1.5 % (Rotigarose, Roth), 110 V, 45 min). The established protocol for 

D 

A 

C 

B 

Figure 9 Electropherogram (A) and gel-like image (B) (bioanalyser scan) of the RNA 

6000 Pico ladder. It contains six RNA fragments ranging in size from 0.2 to 6 kb at a 

total concentration of 1 ng/µl. A marker fragment is run with each of the samples to 

compensate for drift effects that may occur during the course of a chip run. 

Representative electropherogram (C) and gel-like image (D) of total RNA of murine 

placenta. Assigned RIN is 7.6. Second and third peak represent rRNA of 18 S and 28 S 

subunit, very moderate inter-peak noise is present. Small peak at 24-29 seconds 

represent 5 S and 5.8 S subunits, tRNA and small RNA fragments about 100 bp. 
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determination of HO-1 genotype was adapted, only wild type primers were used. No further 

changes were made to the protocol. The presence of a 465 bp band in the gel 

electrophoresis indicates DNA contamination of the RNA sample and requires purifying 

contaminated samples before using them in subsequent applications. DNA digestion was 

completed in all samples using DNA-free™ Kit (Applied Biosystems) containing Ambion® 

DNase Treatment and Removal Reagents according to the manufacturer’s manual. RNase 

Inhibitor (RNaseOUT, Invitrogen) (40 U/µl) was added to the master mix to prevent loss of 

RNA due to contamination by RNases. 

 

2.6.4. cDNA transcription 

cDNA synthesis was accomplished using reverse transcription. 1 µg/µl RNA of each sample 

was pipetted into a sterile 0.5 ml eppendorf tube and filled up with DEPC water to a volume 

of 10 µl. 1 µl of desoxyribonucleotide triphosphates (dNTP) (Invitrogen) and 1 µl solution of 

random primers (0.25 µg/µl) (Invitrogen) were added and incubated for 5 min at 65 °C. Tubes 

were chilled on ice quickly afterwards. A master mix containing 4 µl 5X First-Strand buffer 

(Invitrogen), 2 µl 0.1 M dithiothreitol (DTT) (Invitrogen), 1 µl RNase inhibitor (RNaseOUT, 

Invitrogen) (40 U/µl) and 1 µl of the enzyme reverse transcriptase (Superscript II RT, 

Invitrogen) (200 U/µl) was pipetted into each sample. Samples were then incubated for 10 

min at 25°C, 50 min at 42°C and 15 min at 70°C. The obtained cDNA was stored at -20°C 

until further use. 

 

2.6.5. cDNA quantification 

Concentration and purity of cDNA was quantified using NanoQuant technology by Tecan 

(microplate reader infinite® M200, NanoQuant plate™, i-control™ software). Samples were 

measured in duplicates from a sample volume of 2 µl. The ratio of the absorbance at 260 and 

280 nm (A260/280) was used to assess the purity of nucleic acids. For pure DNA, A260/280 

is 1.8. Our samples showed ratios between 1.66-1.71. 

 

2.6.7 qRT-PCR 

The qRT-PCR enables the simultaneous amplification and detection of specific DNA 

sequences in real-time. All experiments were performed with the Applied Biosystems 

StepOnePlus Real-Time PCR Systems using the corresponding software. For relative 

quantitation of the HO-1 gene the comparative CT method (also referred to as the 2-ΔΔCT 

method) was employed (Schmittgen and Livak 2008). The comparative CT method compares 

values obtained from two different RNA samples which are directly normalized to a 

housekeeping gene and presents data as fold change in gene expression. As housekeeping 

gene hypoxanthine-guanine phosphoribosyltransferase (HPRT) was selected. Through a 
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standard curve in triplets of six different dilutions the efficiency of HO-1 and HPRT 

amplifications were shown to be 99.34 % (HO-1) and 96.95 % (HPRT) (meaning a standard 

curve slope of -3.338 and -3.397) and approximately equal (Figure 10).  

The qRT-PCR was conducted with cDNA as template in 20 μl reactions. For detecting the 

HO-1 gene and HPRT gene, probes and different primer pairs were designed and ordered at 

TIB Molbiol (Table 4). 

The following mixture was used for singleplex reaction of HPRT/HO-1: 10 µl 2x Gene 

Expression Master Mix (Applied Biosystems), 0.4 µl 20 µM F-primer, 0.4 µl 20 µM R-primer, 

0.2 µl 20 µM probe and 7 µl DEPC water. 2 µl cDNA in required dilution were added last to 

reach a total amount of 30-50 µg cDNA in each well. Triplets were prepared for each sample 

and target. 

All reactions were performed in 45 cycles and conditions were as follows: initial denaturation 

50°C for 2 min and 95°C for 9 min, denaturation 95°C for 30 sec, annealing and extension 

60°C for 60 sec. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Amplification plots showing increases in fluorescence 

(ΔRn, baseline-corrected normalized reporter) of HO-1 gene 

amplification (A), HPRT gene amplification (B) and HO-1 and 

HPRT gene amplification in one graph (C) plotted against PCR 

cycle number. Threshold is indicated in red numbers and through 

a horizontal line. Standard curves of HO-1 and HPRT gene 

amplification demonstrating efficiencies close to 100 % 

(meaning a standard curve slope of -3.32) (D). 
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HO-1 F-primer (23mer) 5’- TgCTCgAATgAACACTCTggAgA -3‘ 

HO-1 R-primer (19mer) 5‘- TgCAggggCAgTATCTTgC -3‘ 

HPRT F-primer (24mer) 5’- ggAATTTgAATCACgTTTgTgTCA -3’ 

HPRT R-primer (24mer) 5’- TTTTACTggCAACATCAACAggAC -3’ 

HO-1 probe 5‘- 6FAM-ACgAAgTgACgCCATCTgTgAgggA—BBQ -3‘ 

HPRT probe 5‘- 6FAM-TTgCAgATTCAACTTgCgCTCAXTCTT—PH -3‘ 

 

 

 

 

2.7. Histological methods 

 

2.7.1. Preparation of frozen placenta sections  

Frozen placenta tissues were cut into 8-10 µm histological sections using a cryotome 

(Microm, HM505 E). Tissue sections were placed on aminosilane-coated glass slides 

(GoldLine Microscope Slides, frosted, VWR international) and dried at RT. Some slides were 

stored in -20 °C for Masson Trichrome staining. The remaining slides were fixed in acetone 

for 10 min at -20 °C and stored at -20 °C after drying.  

 

2.7.2. Immunohistochemical (IHC) detection of HO-1 in frozen placenta sections 

Tissue sections were allowed to dry at RT and surrounded with PAP-pen (Dako). Slides were 

hydrated in Tris Buffered Saline (TBS) 0.05 M, 0.88 % NaCl, pH 7.5 (Trizma base (Sigma) 

0.0074 M, sodium chloride 0.0435 M (Sigma-Aldrich), Trizma hydrochloride 0.15 M (Sigma)). 

Non-specific binding of the avidin biotinylated peroxidase complex and of the antibodies was 

blocked by the incubation of the sections with avidin and biotin blocking solutions (Vector) 

and Protein Blocking Agent (Immunotech) following manufacturer’s instructions. The slides 

were incubated with the primary antibody solution (Table 5) in a humid chamber overnight at 

4 °C. Slides were rinsed thoroughly. Endogenous peroxidase was blocked by incubation in 3 

% H2O2 in methanol (Fischer) for 30 min. The slides were washed in TBS and incubated with 

the secondary antibody solution for 30 min at RT. As amplification system, we used avidin 

biotinylated peroxidase complex (ABC-PO, VECTASTAIN®, Vector) 1:100 in TBS for 30 min, 

which binds to the biotinylated secondary antibody. The signal was detected by incubating 

the samples in a solution of H2O2 and diaminobenzidine (DAB Chromogen, Dako) in TBS 

which stains the positive cells in brown colour. This was followed by a light counterstaining 

with 0.1% Meyer’s haematoxylin (Roth). Slides were rinsed in running tap water followed by 

dehydration in ethanol 80 %, 90 %, 96 % and 100 %, and HistoClear (substitute for xylene, 

Table 4 List of primer and probe sequences used for qRT-PCR amplification of HO-1 

and HPRT cDNA. 
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Table 5 Antibody solutions used for IHC detection of HO-1. FCS= fetal calf serum; MNS= 

mouse normal serum. 

National Diagnostics) twice for 5 min. The slides were mounted using vitroglut and cover 

slips. Slides were examined using a Zeiss Axioscope light microscope and photo 

documentation was performed with a digital image analysis system (Zeiss KS400). 

 

 

Solution Antigen 
Specificity 

Origin Conjugated Dilution 
factor 

Diluent Company/catalog 
number 

1st 
antibody 

 
2ry 

antibody 

HO-1 
 
 

Rabbit IgG 

Rabbit 
 
 

Goat 

- 
 
 

Biotin 

1:100 
 
 

1:200 

1% FCS 
in TBS 

 
2% FCS 
4% MNS 
in TBS 

Epitomics/1922-1 
 
 

Jackson-
Immunotech/800-

367-5296 

 

2.7.3. Masson-Goldner trichrome staining of frozen placenta sections 

Masson-Goldner trichrome staining kit (VWR international) was used to visualize the different 

components of placental tissue. The kit consists of three different staining solutions. 

Azophloxine and phosphotungstic acid Orange G solutions stain components such as 

muscle, cytoplasm and erythrocytes. Light green SF solution counterstains connective tissue 

whereas Weigert’s iron hematoxylin (Waldeck GmbH&Co. KG, Division Chroma) stains the 

nuclei.  

Placental tissue cryosections were allowed to dry at RT and fixed for 1 hour in Formalin 10 % 

in PBS. Subsequently, sections were fixed overnight in Bouin’s solution (RT) in order to 

intensify the colors and increase the contrasts between the tissue components. Slides were 

washed in tap water and rinsed briefly in distilled water. Tissue sections were dehydrated 

twice in ethanol 70 %. Weigert’s solution was prepared following manufacturer instruction 

and applied to the tissue sections. Slides were rinsed in tap water followed by acetic acid 1 

% in destilled water. Azophloxine staining solution (Goldner 1) was applied and incubated for 

10 min. Slides were rinsed again in 1 % acetic acid and incubated in phosphotungstic acid 

Orange G (Goldner 2). After washing in acetic acid 1 % the slides were placed into Light 

green SF solution for 2 min. Finally, the slides were rinsed in acetic acid 1 % and dehydrated 

in ethanol 70 %, 96 %, twice in ethanol 100 %, and twice in HistoClear (substitute for xylene, 

National Diagnostics). The slides were mounted using vitroglut and cover slips. 

 

2.8. Statistical analyses 

For statistical analyses, continuous outcomes were calculated as the mean and SEM, which 

were used for data presentation. One-way analyses of variance were carried out for normally 

http://www.merckmillipore.com/chemicals/light-green-sf-yellowish-c-i-42095/MDA_CHEM-115941/p_uuid
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distributed data and Bonferroni corrected level of significance for the number of tests 

performed was used. For not normally distributed data, the independent two sample Mann-

Whitney U-tests was used, for analyses of three or more samples Kruskal-Wallis test was 

employed. Level of significance was set at a p-value of < 0.05.  

All statistical analyses were performed with SPSS 19.0 (SPSS Inc., Chicago, IL, USA). 
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G    H   

A      B         C  

D      E         F  

3. Ergebnisse/Results 

 

3.1. HO-1 protein is expressed in all placental layers on gd 16.5. 

Evaluation of HO-1 expression in placental tissue sections stained by immunohistochemistry 

for HO-1 showed that HO-1 protein is expressed in placenta on gd 16.5. Single HO-1 positive 

cells can be identified in labyrinth, junctional zone layers and also in decidua and 

myometrium (maternal tissue layers) (Figure 11 A-C). To assess if HO-1 expression was 

altered by stress, cells expressing HO-1 were quantified in the IHC stained slides. The semi-

quantitative technique did not allow for differences in placentas of control and stress 

challenged dams to reach levels of significance. The number of positive cells was calculated 

per mm² (Figure 11 G, Table 6); the placental sizes were similar in both groups (Figure 11 

H, Table 7).   

Figure 11 Expression of HO-1 in placental 

layers on gd 16.5. Frozen midsagittal placenta 

sections were stained by immunohistochemistry 

for HO-1. Photomicrographs show different 

areas of placental tissue (A-C) and negative 

controls (D-F). Positive cells (  ) are observed 

in decidua (labelled as ‚D‘), myometrium (‚M‘), 

junctional zone (‚J‘) and labyrinth (‚L‘) layers. 

Magnification 200 x. Number of positive cells in 

placentas of control and stressed offspring was 

determined by immunohistochemistry (G), as  

well as placental size (H). Bars represent the mean ± SEM. The differences between groups 

did not reach significance (T-Test). 
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Figure 12 HO-1 expression in 

placenta, assessed by qRT-

PCR. Fold change over control 

expression was calculated 

using the comparative CT 

method. HPRT was used as 

endogenous control. Values 

are displayed as mean ± SEM. 

*p < 0.05, T-Test. 

 

 

 

 
 
 
Table 6 Total number of HO-1+ cells (per mm²) in zones of the feto-maternal interface of the 
offspring, *p < 0.05. 
 
 

 Control group (1) Stress group (2) 

 Mean SE Mean  SE 
Feto-maternal 
interface 

20.391 1.5 18.301 1.043 

Decidua 5.479 0.36 4.239 0.601 
Junctional 
zone 

3.73 0.14 4.019 0.331 

Labyrinth 10.764 0.736 9.854 0.479 
Myometrium 2.359 0.354 1.767 0.224 

 
Table 7 Size of the zones at the feto-maternal interface (in mm²) of the offspring, *p < 0.05. 
 

 

3.2. HO-1 mRNA in placenta decreases in response to stress. 

Considering that immunohistochemistry, as a semi-quantitative method, only yields an 

approximation of the total HO-1 protein in placenta, we decided to do further quantitative 

testing. qRT-PCR was carried out to identify if changes in HO-1 expression after stress 

challenge can be found on RNA level in placenta. qRT-PCR results unveil that stress 

challenge during pregnancy leads to a slight significant decrease of HO-1 mRNA level on gd 

16.5 (Figure 12). 

 

 

 

 

 

 

 

 Control group (1) Stress group (2) 

 Mean SE Mean  SE 
Feto-maternal 
interface 

0.972 0.186 1.065 0.208 

Decidua 2.226 0.683 3.738 1.007 
Junctional 
zone 

0.25 0.025 0.238 0.137 

Labyrinth 0.589 0.124 0.511 0.091 
Myometrium 3.91 1.044 4.484 1.241 
L/JZ-ratio 2.649 0.129 2.478 0.124 
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3.3. Prenatal stress challenge in late pregnancy impairs fetal development, but does 

not affect reproductive outcome. 

Next, we examined if prenatal stress impacts on fetal weight, which was used as a measure 

for fetal development. Fetal body weight was recorded in two separate experiments and 

found to be reduced in response to stress (Figure 13 A, F), one of them showing a 

significant reduction (Figure 13 A). The pregnancy data of both experiments show that 

stress challenge does not affect abortion rates (Figure 13 C, H) or implantations (Figure 13 

G). However, a significant increase in number of implantations can be observed in one 

experiment (Figure 13 B). 

 

3.4. Reduced HO-1 expression leads to impaired fetal development and effects 

reproductive outcome. 

To determine if the effect of stress on fetal development was a result of HO-1 reduction in 

placenta, we used genetically engineered Hmox+/-, which are heterozygote for the deletion of 

HO-1 gene. Similarly to prenatally stressed fetuses Hmox+/- and -/- offspring showed 

significantly reduced body weight compared to BALB/c wild type fetuses (Figure 14 A). This 

difference was not due to decreased maternal weight in Hmox+/- females. On the contrary, 

body weight (recorded on gd 0.5) was even significantly higher in Hmox+/- females, compared 

to wild type BALB/c of similar age (Figure 14 B). Further, low HO-1 expression also affects 

reproductive outcome. Implantations (Figure 14 C) and abortion rate (Figure 14 D) were 

significantly increased in Hmox+/- compared to BALB/c wild type mice. Interestingly, litter 

sizes of syngeneic wild type and Hmox+/- breeding did not significantly differ from each other 

(Figure 14 E), as observed over a period of 12 months. Gender distributions of the offspring 

found in utero (Figure 14 F) on gd 16.5 and of the life offspring (Figure 14 G) are similar. 

The frequencies of Hmox+/+, +/- and -/- genotype in the offspring (in utero or in born pups) did 

not adjust to Mendel estimated distribution. The yield of Hmox-/- offspring is less than 10% in 

males and females and does not come close to the expected Mendelian 25%, neither in life 

offspring, nor in utero.  

  



 

 29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 Animal data of two independent experiments using BALB/c 

control and stressed mice (A-E and E-H), showing fetal body weight of 

control and stressed offspring (A, F), abortion rates (C, H) and 

implantations (B, G). (D) shows a photograph of six feto-placental units, 

pictured as found in vivo. By PCR the frequency of females and males 

was determined in each experiment (E, H). Values are displayed as 

mean ± SEM. *p < 0.05, T-Test. 

H   I 

A   B          C       D 

E         F   G 
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Figure 14 Animal data of genetically 

engineered BALB/c Hmox+/- breeding in 

comparison to BALB/c wild type. Shown 

are fetal body weight of wild type and 

Hmox+/+, +/- and -/- offspring (A), maternal 

weight on gd 0.5 (B) and reproductive 

outcome, including implantations (C), 

abortion rate (D) and litter size (E). By 

separate PCRs the frequency of HO-1 

genotype and sex was determined of the 

offspring found in utero on gd 16.5 (F) 

and the born life offspring (G). Bars 

represent the mean ± SEM. *p < 0.05, 

**p < 0.01, ANOVA, Bonferroni’s 

Mulitple Comparison Test (A); T-Test (B, 

C, D, F); Mann Whitney U Test (E). 

 

A      B          C 

D           E                F   

G   
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3.5. Impaired fetal development in Hmox+/- and -/- offspring is related to changes in 

placental function. 

In order to unveil if HO-1 induced changes in fetal weight are related to changes in placental 

function, we analysed histological placenta sections stained for Masson-Goldner trichrome. 

Reduced HO-1 expression results in smaller placentas in Hmox+/- and even more in -/- 

offspring (Figure 15 A). Conversely, the L/JZ ratio increases in Hmox+/- and -/- offspring 

(Figure 15 B). These results suggest that observed HO-1 induced changes in fetal weight 

are related to changes in placenta function. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.6. Reduced HO-1 expression affects maternal immune adaptation to pregnancy. 

In the next step, flow cytometry analyses of immune cells from maternal lymph nodes were 

performed to identify if stress challenge affects maternal immune adaptation to pregnancy. 

Stress challenge decreased HO-1 expression in maternal immune cells from uterus draining 

lymph nodes to similar levels than in Hmox+/- dams (Figure 16 A). HO-1 is largely produced 

in T and dendritic cells (Figure 16 B). The frequency of CD8+ T cells in lymphocytes 

increased upon stress challenge and even more in Hmox+/- dams (Figure 16 D). 

Interestingly, the CD122+CD8+ T regulatory cells, analysed within the CD8+ population, 

conversely decreased in stressed and Hmox+/- dams (Figure 16 F). 

 

 

 

 
 

A    B    C 

Figure 15 Analyses of histological placenta sections stained for Masson-

Goldner trichrome. Placental size (A) and L/JZ ratio (B) were measured using 

the program Mirax Viewer. C shows a photomicrograph of a representative 

placental tissue section with measurements for placenta size (blue line) and L 

(pink line). Values are displayed as mean ± SEM. The differences between 

groups did not reach levels of significance (ANOVA). 
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A         B           C 

Figure 16 Flow cytometric 

analyses of maternal immune 

cells from uterus draining lymph 

nodes in BALB/c wild type 

(control and stress) and BALB/c 

Hmox+/- mice. HO-1 expression 

(A) and its distribution in 

leucocytes (B) were assessed. T 

cells were identified as CD3+ and 

dendritic cells as CD3negCD11c+. 

Representative dot plots for HO-1 

expression in leukocytes (C). The 

frequency of CD8+ T regulatory 

cells (CD122+CD8+) was analysed 

(F), within the CD8+ T cell 

population (D). Representative 

examples for CD8+ cell 

histograms (E) and CD122 dot 

plots (G). 

Values are displayed as mean ± 

SEM, *p < 0.5, Kruskal-Wallis 

Test (A), ANOVA, Bonferroni’s 

Mulitple Comparison Test (D, F). 
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4. Diskussion/Discussion 

 

The tissue-protecting effects and involvement of HO-1 in a number of inflammatory 

processes have been described in many tissues. Resulting from extensive research in the 

field of transplantation, HO-1 could be identified as a protective gene promoting graft 

acceptance (Soares et al. 1998, Pileggi et al. 2001). Only little is known about the functions 

of HO-1 during pregnancy and its role in fetal tolerance. In the present study, we were able to 

show that reduced HO-1 expression induced by stress or in Hmox+/- mice results in altered 

immune adaptation to pregnancy, characterized by increased CD8+ T cells, but decreased 

CD8+ Treg cells (identified by CD122 expression). This coincides with altered placental 

function and signs for fetal growth restriction in prenatally stressed and Hmox+/- and -/- 

offspring. Thus, we propose a critical role for HO-1 during late pregnancy as a mediator for 

cytotoxic CD8+ T cell activity at the feto-maternal interface. Our results suggest that upon 

activation by placental HO-1 specific CD8+ Treg cells (Andersen et al. 2009) can inhibit local 

inflammation by suppressing cytotoxic CD8+ T cell activity (Rifa’i et al. 2004). Thus, in healthy 

pregnancies CD8+122+ Treg cells would support fetal development and placental function. In 

pregnancies with down-regulated placental HO-1 expression, e.g., in response to 

environmental challenges, such as stress, less CD8+ Treg cells are found resulting in 

increased CD8+ T cell cytotoxicity and proliferation, which we assume promotes the observed 

altered placental function and impaired fetal development. The latter, measured by fetal 

weight, not only predicts a reduced short-term survival of newborns (Chen et al. 2011, 

Cnattingius et al. 1998), but also long-term health outcome, as has been demonstrated with 

respect to the concept of fetal programming in numerous studies in mice and humans, 

indicating high vulnerability throughout whole pregnancy. 

With our present work, we were able to build on to previous findings proposing that perceived 

stress during late pregnancy can lead to impaired pregnancy outcome in mice and humans 

(Knackstedt et al. 2005, Pincus-Knackstedt et al. 2006, Sausenthaler et al. 2009) with signs 

for fetal growth restriction, i. e., reduced fetal body weight. Further, we detected a significant 

difference in placental HO-1 mRNA levels of prenatally stressed offspring compared to 

control, indicating a modulation of HO-1 in response to the environmental challenge of 

stress. No differences were found in matters of HO-1 protein expression, as assessed by 

IHC, probably because this semi-quantitative method is not sensitive enough. Evaluation of 

HO-1 protein expression in control placentas, showed positive staining in placenta and 

decidua cells, as has been reported for rat, guinea pig, human and mouse before (Ihara et al. 

1998, Odrcich et al. 1998, Barber et al. 2001, Lyall et al. 2000, Zenclussen AC et al. 2002). 

For all dams in our study, reproductive data were documented. In one of our experiments, we 

observed significantly increased implantation rates in stressed mice compared to control. 
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Applied stress challenges to late pregnancy on gd 12.5 and 14.5 do not interfere with 

implantation as no increased fetal loss rate can be observed, in contrast to stress exposure 

during peri-implantation period which has high levels of fetal loss despite having similar 

implantations (Blois et al. 2005). Therefore, repeating the experiment with a larger number of 

mice would most certainly lead to equal implantation rates. 

By the use of transgenic Hmox+/- mice (generated by Yet et al. 1999) we were able to gain 

insight into the role of HO-1 in vivo in terms of pregnancy and breeding outcome. Genotyping 

surviving offspring, resulting from heterozygote matings (n=39) over a period of 12 months 

showed a low yield of Hmox-/- mice, less than the predicted 25% according to Mendel’s laws, 

confirming previous observations (Poss and Tonegawa 1997a, Yet et al. 1999, Zhao et al. 

2009, Zenclussen ML et al. 2011). Our findings in utero on gd 16.5 showed similar genotype 

distribution, indicating a high number of intrauterine deaths of offspring with Hmox-/- genotype 

in early pregnancy (Zhao et al. 2009). Consistent to that are the significantly increased 

abortion rates, which we calculated in Hmox+/- dams, compared to wild type dams. 

Interestingly, in our experiments the average pup number per litter of Hmox+/- dams did not 

differ much from litter sizes seen in wild type matings despite high abortion rates and 

contrary to previous findings (Zhao et al. 2009). This could be a result of the increased 

implantation rates in Hmox+/- dams compensating for the high fetal losses. Recent evidence 

suggests a key role for HO-1 in the ovary and reports less oocytes and poor fertilization in 

HO-1 deficient mice (Zenclussen ML et al. 2012) which stands in contrast to our observation 

of significantly larger numbers of total implantations in Hmox+/-  mice. Reasons for these 

unequal findings could maybe be strain-dependent or due to other factors, such as 

fluctuating hormone levels influencing HO-1 function in the ovary. From the work of Poss and 

Tonewaga (Poss and Tonewaga 1997a, 1997b) we know that HO-1 knockout mice suffer 

from anemia, accumulating tissue iron especially in liver and kidneys and systemic 

inflammation in late adulthood, accompanied by weight loss. Until early adulthood, the  

Hmox-/- mice appear to be slightly smaller than Hmox+/- and +/+ mice. On the basis of these 

results we expected to see a decrease in body size/weight of Hmox+/- mice compared to wild 

type mice. However, we observed in our study that Hmox+/- mice of Hmox+/- mothers showed 

significantly higher body weight in early adulthood than wild type mice born by wild type 

mothers. This could either be a result of the defective iron metabolism in HO-1 deficient mice 

and chronic inflammation with e. g. hepatosplenomegaly and/or early kidney damage due to 

heme and iron accumulation leading to water retention, or the Hmox+/- mice could have 

developed possibly even intrauterine a permanent mechanism for (over-) compensating the 

HO-1 deficiency of the heterozygote mother and themselves. 

In 1999, the first known human case of HO-1 deficiency was reported by Yachie et al. 

(Yachie et al. 1999) who analysed the patient’s HO-1 gene and revealed deletions in 
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maternal and paternal alleles resulting in a complete deficiency of functional HO-1 

production. The HO-1 deficient boy presented with clinical symptoms including growth 

retardation, enhanced systemic inflammatory reactions, reticuloendothelial dysfunction, 

anemia, asplenia and nephropathy. He died at the age of six years. The presentation of this 

human case with a short survival stands in contrast to findings in Hmox-/-. The mice seem to 

be less affected by oxidative stressors and suffer predominantly from iron metabolic 

disorders (Kawashima et al. 2002, Yachie et al. 1999) with a long survival of up to 22 months 

(Poss and Tonegawa 1997a). Comparing the clinical symptoms of HO-1 deficient mice and 

human (Kawashima et al. 2002, Yachie et al. 1999) not only allows a broader understanding 

of the pathology of reduced HO-1 expression, it also indicates the clinical relevance of HO-1 

e. g. in terms of human pregnancy. The past medical history of the patient’s healthy mother 

reveals two intrauterine fetal deaths (Koizumi 2007), possibly due to her heterozygous HO-1 

genotype. Detection of down-regulated HO-1 expression in spontaneous abortions in 

humans (Zenclussen AC et al. 2003) support these findings and emphasize relevance of HO-

1 in human pregnancies, with similar evidence found in mice (Zenclussen AC et al. 2002, 

Zenclussen AC et al. 2005, Zenclussen ML et al. 2006). Further, HO-1 with its known role in 

maternal vascular tone and fetal hemodynamic functions (Zhao et al. 2008) in healthy 

pregnancies has been identified to be highly involved in the pathophysiology of pregnancy 

disorders, such as preeclampsia (PE) (reviewed by Bainbridge and Smith 2005) (Figure 17), 

manifesting with a maternal syndrome, including hypertension and proteinuria, and fetal 

growth restriction, perinatal death and preterm birth. Yet, the underlying mechanisms require 

identification and data on placental HO-1 expression in PE pregnancies are still 

controversial. However, an attenuating effect of HO-1 induction could be shown on 

hypertension in pregnant rats (George at el. 2011a) and on the basis of evaluation of HO 

expression in infarct-damaged placentas of pre-eclamptic human pregnancies a low overall 

HO function can be postulated (Lash et al. 2002, Bainbridge and Smith 2005) with less 

antioxidant metabolites at the feto-maternal interface, leading to restrictions in placental 

function and the clinical picture of PE.  

Considering our present results, we can speculate that these complications are also related 

to a failure to establish fetal tolerance through via HO-1 activated CD8+ Treg cells and 

consequent induction of CD8+ T cell proliferation and cytotoxicity (Molvarec et al. 2011). The 

proposed involvement of HO-1 in the development of PE raises the question if pregnant 

transgenic Hmox+/- dams suffer from PE, which to our best knowledge has not been 

investigated yet and could simply be detected i.e. by taking blood pressure of pregnant mice. 

The transgenic Hmox-1 deficient mice would represent a new approach for further 

investigating the role of HO-1 in PE.  
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Figure 17 Heme degradation pathway and the physiological roles of its 

metabolic breakdown products during healthy and PE pregnancy. 

(Modified after: Bainbridge and Smith 2005)  
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In addition to mutations of HO-1 gene alleles in humans, a GT-repeat polymorphism in the 

promoter region of the gene has been described, with the length directly associated to 

transcription in response to oxidative stress (Lavrovsky et al. 1994) and hence, associated to 

the cytoprotective effect, as could be shown in cardiovascular disease (Exner et al. 2001, 

Kaneda et al. 2002, Chen et al. 2002, Bai et al. 2010). It is very likely that the investigated 

polymorphism also affects pregnancy and placental HO-1 expression, as Denschlag et al. 

demonstrated an association of the HO-1 gene polymorphism in woman with idiopathic 

recurrent miscarriage (Denschlag et al. 2004). 

Taking into account all information on HO-1 in pregnancy with its mediator function for CD8+ 

T cell activity, its modulation occurring in abortions, PE and in response to environmental 

challenges such as stress and genetic variances, HO-1 may be proposed as a pregnancy-

associated biomarker for prediction of such pregnancy pathologies and characterization of 

susceptible women enabling prophylactic/early treatment. To effectively achieve clinical 

application of HO-1 as biomarker, further research is necessary, e. g. the identification of 

normal range of serum HO-1 levels, marking a low risk to develop complications during 

pregnancy, or the investigation of the relationship between serum HO-1 levels and the 

severity of pregnancy disorders, such as severe PE which has been shown to be associated 

with elevated serum HO-1 levels ante- and postpartum, compared to mild pre-eclampsic and 

normotensive pregnant women (Vitoratos et al. 2011).  

The observed key functions of HO-1 in creating a stable and protective intrauterine 

environment further indicate its putative role as a therapeutic target in complicated 

pregnancies. With regard to the present results, it is tempting to reason that in pregnancies 

with deteriorating placental function resulting from reduced placental HO-1 expression, e.g. 

due to genetic or environmental conditions, HO-1 up-regulation could lead to ameliorated 

placental function and prevent negative consequences, such as the fetal programming of 

(adult) diseases and fetal growth restriction. In abortions, where HO-1 down-regulation 

associated with increased Th1/Th2 cytokine production was reported, the up-regulation of 

HO-1 has been proposed to be pregnancy-protective and avoid abortion onset (Zenclussen 

AC et al. 2005). Additionally, George et al. recently proposed a novel therapeutic activity of 

HO-1 induction for PE treatment in pregnant rats (George et al. 2011a, 2011b, George and 

Arany 2012, George et al. 2012). This is a promising finding, since to date, there is no causal 

treatment known for PE which is a major cause for fetal-maternal morbidity and mortality 

worldwide (World Health Report 2005). Recent studies, pointing out the potential of CO as 

therapy for pregnancy complications, further reaffirm the idea of HO-1 as therapeutic target, 

for CO has been found to mimic the protective effects of HO-1 activity at the feto-maternal 

interface (Zenclussen ML et al. 2011, El-Mousleh et al. 2012). Through increased numbers of 

activated CD8+ Treg cells and anti-oxidative metabolites at the feto-maternal interface, HO-1 
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induction would represent a way to strengthen natural protection and defense mechanisms of 

the body. 

There are various stimuli that induce HO-1, including heme and cobalt protoporphyrin 

(CoPP) (Ryter et al. 2006). Most of them cause oxidative stress in cells and are toxic in high 

amounts, such as heme. CoPP, a potent and effective inducer of HO-1 has been employed 

in many rodent models and in vitro, demonstrating protective effects through HO-pathway, 

and considered as a potential therapeutic agent in situations where up-regulation of HO-1 is 

desired (Shan et al. 2007). However, this was criticized at once and adverse effects of CoPP 

known from animal models and cell cultures were listed for why CoPP could not be used in 

clinical studies (Schmidt 2007), raising the question which of the noted HO-1 inducers could 

be safe for application in human, especially during pregnancy with most substances crossing 

the placenta. Considering approved pharmacological drugs with rare and in detail 

characterized side effects and the ability to induce HO-1, such as statins (Kim et al. 2012, Li 

et al. 2012 ), Aspirin® (Grosser et al. 2003) and votile anesthetics (Hoetzel et al. 2002, 

Hoetzel and Schmidt 2010), seemed like a more promising approach for clinical application. 

But the use of such drugs has not yet been investigated to an adequate extent in pregnant 

women and (contradictory) evidence on possible teratogenicity could not fully establish safe 

use during pregnancy (Kozer et al. 2003, Kenis et al. 2005, James et al. 2008, Palanisamy et 

al. 2011a, Wang et al. 2012, Kong et al. 2012a, 2012b).  

Another approach to avoid pregnancy complications that are based on low HO-1 expression 

could be a prophylactic approach. For we know that perceived stress during pregnancy 

decreases HO-1 expression significantly, pregnant women should prevent daily hassles and 

stress, which turns into a challenge with more and more women focusing on advanced 

education and job opportunities. Support can be provided by specialists in the field of 

complementary and alternative medicine, who offer e.g. progressive relaxation programs 

(Bastani et al. 2005, 2006), mindful yoga (Beddoe et al. 2009), music, massage and aroma 

therapy (Hodgson et al. 2007) which all have been shown to decrease maternal stress and 

anxiety during pregnancy. In women with genetic mutations or relevant polymorphism for 

HO-1 gene, stress prevention and alleviation through alternative therapies might not suffice. 

To avoid pregnancy complications and the lack of via HO-1 activated CD8+ Treg cells, 

treatment by adoptive-cell-transfer could be an option. Adoptive immunotherapy is a 

promising approach to induce anti-tumor immunity in cancer patients (Dudley and Rosenberg 

2003, Sun et al. 2010) and could be performed in pregnant women through isolating CD8+ 

Treg cells, their ex vivo expansion and activation and subsequent autologous transfusion, 

assuming the cells reach the placenta and suppress local cytotoxicity.  

To expand and clarify knowledge of the role of HO-1 during pregnancy, examining 

parameters that possibly interact with HO-1, such as maternal age, body weight, fetal HO-1 
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expression and hormones is necessary. In our experiments we measured serum levels of 

progesterone, a pivotal and pregnancy-supportive hormone whereof only subtle deficits in 

serum levels can affect maternal adaptation to pregnancy, resulting in reduced birth weight 

(Mucci et al. 2004, Hartwig et al. 2012), to unravel possible effects on HO-1 function. The 

serum progesterone levels turned out to be similar for control and Hmox+/- dams (data not 

shown) indicating that progesterone neither affects HO-1 expression, nor cytotoxic CD8+ T 

and Treg cell function. 

In summary, our results indicate a role for CD8+122+ T cells in supporting fetal development 

and placental function. Our insights expand the proposed role of HO-1 during pregnancy of 

which the expression is reduced in response to stress. Reduced HO-1 expression leads to 

altered immunological adaptation to pregnancy via HO-1, a mechanism potentially 

contributing to fetal programming and the pathogenesis of certain pregnancy disorders. 

Thus, these results have relevance for both basic science and clinical contexts, providing a 

platform for further investigations that could lead to prophylactic and curative treatment to 

ensure stable conditions for the fetus to develop and prevent low birth weight/IUGR, which is 

protective for short- and long-term health.       
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5. Zusammenfassung/Summary 

 

The inducible enzyme heme oxygenase-1 (HO-1) plays a regulatory role in a number of 

inflammatory processes. It catabolizes the degradation of heme and acts as an anti-oxidant 

and cytoprotectant through its products biliverdin, carbon monoxide and free iron. In the 

placenta, HO-1 is highly expressed and assumed to mediate pregnancy-protective effects, 

but its function throughout pregnancy is not well understood. 

Our objective was to examine if a decreased HO-1 expression, e.g., upon stress challenges 

during late murine pregnancy or in heterozygous HO-1 knockout mice (further referred to as 

Hmox+/-) affect fetal development and maternal immune adaptation. 

DBA/2J-mated BALB/c females were exposed to 24 hour sound stress on gestation days 

(gd) 12.5 and 14.5. On gd 16.5 placental tissue and uterus-draining lymph nodes (LN) were 

collected, fetal weight was documented. Placental HO-1 expression was analysed by 

immunohistochemistry and quantitative real time-PCR. Hmox+/- mice were syngeneically 

mated. On gd 16.5 tissue was collected and fetal HO-1 genotype and weight was recorded. 

Placental tissue sections were stained with Masson’s trichrome to study placental function. 

Phenotype and frequency of maternal immune cells harvested from uterus-draining LN were 

identified by flow cytometry. For statistical analyses, continuous outcomes were checked for 

normal distribution. If data was normally distributed, one-way analyses of variance were 

carried out. For not normally distributed data, Mann-Whitney U-tests were used. Level of 

significance was set at a p-value of 0.05.  

Stress challenges led to a reduced fetal weight. Further, stress challenge lowered HO-1 

tissue expression at the feto-maternal interface and significantly decreased HO-1 expression 

largely in T and dendritic cells among maternal leucocytes from LN, along with an increase in 

CD8+ T cells. The increased frequency of CD8+ T cells inversely correlated with a reduced 

expression of CD122 on CD8+ T cells in stressed mice, compared to control. CD8+CD122+ T 

cells are presumed to have regulatory, pregnancy-protective functions. 

Similarly, an increased frequency of CD8+ T cells and a reduction of CD122+ could be 

detected on HO-1+/- dams, compared to wild type (wt) controls. Lower fetal weight was 

observed in Hmox+/- and -/- offspring, compared to wt fetuses of the same litter. Placental size 

was slightly decreased in +/- offspring when compared to wt. This was accompanied by 

altered ratios of functional placental areas (labyrinth/junctional zone). 

Our results show that reduced HO-1 expression induced by stress or present in Hmox+/- mice 

results in an impaired immune adaptation to pregnancy, characterized by increased CD8+ T 

cells and decreased CD8+ regulatory T cells, which are pregnancy-protective functions and of 

which generation is presumably induced by placental HO-1. This coincides with altered 

placental function and signs for fetal growth restriction. Reduced HO-1 expression could 
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thereby have detrimental short- and/or long-term effects on offspring development and 

health. To prevent these effects pharmacological interventions could target HO-1 to modulate 

immune tolerance during pregnancy. 

 
Some of these data have been included in a manuscript which has been submitted to the 

Journal of Clinical Investigation on December 3, 2012.2 
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6. Abkürzungsverzeichnis/List of abbreviations 
 
APC      antigen presenting cell 

CD      cluster of differentiation 

cDNA      copyDNA 

CO      carbon monoxide 

CoPP      cobalt protoporphyrin 

DC      dendritic cell 

DEPC      diethylpyrocarbonate 

DNA      desoxyribonucleic acid 

dNK      decidual natural killer  

Fe²+      ferrous iron 

gd      gestation day 

HLA      human leukocytes antigen 

HO-1      heme oxygenase-1 

HPRT      hypoxanthine-guanine phosphoribosyltransferase 

IL      interleukin 

IUGR      intrauterine growth restriction 

L/JZ ratio     labyrinth/junctional zone ratio 

mRNA      messengerRNA 

NADPH     nicotinamide adenine dinucleotide phosphate 

NK      natural killer 

PBS      phosphate buffered saline 

PCR      polymerase chain reaction 

PE      preeclampsia 

qRT-PCR     quantitative real time-PCR 

RIN      RNA integrity number 

RNA      ribonucleic acid 

RT      room temperature 

TAE      tris-acetate-EDTA 

TBS      tris buffered saline 

Treg       T regulatory 

wt      wild type 

http://www.google.de/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&ved=0CDwQFjAD&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FNicotinamide_adenine_dinucleotide_phosphate&ei=T2ONUICBEOr54QSTm4CoDA&usg=AFQjCNHjek8LrJvoc7RGm01X8MH-pB80kQ
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