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Summary 

The HtrA (High Temperature Requirement Factor) family of secretory serine 

proteases has been found in different species ranging from bacteria to human and takes 

part in cells’ protection against stress conditions. Four HtrA members have been 

identified in mammals. Among them HtrA1 and HtrA3 have similar domain architecture. 

HtrA1 and 3 digest various extracellular matrix proteins and inhibit TGF- β signaling 

with their protease activity. Both these genes have abundant expression in placenta and 

implicated in placental development.The placenta implants the conceptus into the uterine 

wall, protects the fetus from the maternal immune response, and changes the maternal 

vasculature to ensure maternal blood delivery to the implantation site to promote nutrient 

exchange, and secretes hormones pregnancy to adapt the changes in pregnancy. I was 

particularly interested in the role of HtrA1 and HtrA3 in placentation as deregulation of 

these two genes reported in human preeclampsia, a disorder in pregnancy associated with 

hypertension and proteinuria with intra uterine growth restriction. Our lab developed 

HtrA1 KO, HtrA3 KO and HtrA1/3 double KO mice. In this thesis, I have examined 

placentas from these KO mice on different gestational stages using various histochemical 

staining methods and in situ hybridization of trophoblast differentiation markers to 

understand the function of HtrA1 and HtrA3 in placentation. 

Firstly, I examined the possible outcomes of abnormal placentation. The body 

weight of embryos on E12.5 and 14.5 and newborn pups produced by mating of 

homozygous HtrA1 or HtrA3 knockout mice is lower than that of the progeny of wild 

type mice and the difference persisted for 1-2 months after birth, suggesting 

abnormalities in placentation.  

To analyze the roles of HtrAs in placenta, I first examined the expression patterns 

of HtrA1 and 3. In situ hybridization shows that HtrA1 is expressed by the deciduas 

capsularis and outer ectoplacental cone-derived trophoblasts mostly around E7.5-8.5 and 

the HtrA1 expression gradually diminishes by E10.5, whereas HtrA3 is expressed mainly 

by the deciduas basalis cells around E 9.5 and the expression decreases by E12.5.  
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 Then I examined placental sections histochemically. The HtrA1 -/-, HtrA3 -/- and 

HtrA1/3 -/- mice have shorter labyrinth and fewer spongiotrophoblasts in the junctional 

zone compare to wild type mice on E10.5. The shorter labyrinth is caused by decrease in 

the area of fetal blood vessels. IsolectinB4 staining which specifically stains fetal blood 

vessels shows that branching of blood vessels is severely reduced in E 14.5 knockout 

placentas.  

Large islands of glycogen-positive trophoblasts, which originate from 

spongiotrophoblastprecursors are present in the labyrinth of E14.5 knockout mice, but not 

in wild type mice. This cell type normally invades into the maternal decidua by E14.5 but 

it remains in the labyrinth of knockout placentas. I also found some void or vacuole-like 

structures in the junctional zone of E14.5 HtrA1 -/-, HtrA3 -/- and HtrA1/3 -/- placentas, 

whereas those spaces are filled with spongiotrophoblasts in wild type mice. As these data 

show that various types of trophoblasts are affected in the knockout placentas, I next 

examine the subtype specification of trophoblasts by in situ hybridization using sub-type 

specific probes. I use placentas from E9.5-E12.5, since at these stages HtrA1 and HtrA3 

are expressed and various trophoblast differentiation occurs as well. In HtrA1-/- placentas, 

spiral artery remodeling related trophoblasts are reduced along with other trophoblasts 

originated from the outer ectoplacental cone where HtrA1 is expressed. On the other hand 

inner ectoplacental cone derived trophoblasts are increased in the KO placentas, probably 

due to a compensatory effect of the defective differentiation of trophoblast from the outer 

ectoplacental cone. 

Trophoblast proliferatation, differentiation and invasion are critically regulated by 

various growth factors, their binding proteins, adhesion molecules, and extracellular 

matrix proteins produced by the decidua and trophoblast itself. TGF-β is among the 

growth factors involved in placental development, and inhibition of TGF-β has been 

reported to promote trophoblast differentiation. Since HtrA1 and HtrA3 are known to 

inhibit TGF-β, I examine the activation level of TGF- β signaling. Phosphorylated Smad 

2/3 is increased in E10.5 placentas.  

 All these data indicate HtrA1 and 3 play an important, if not essential roles in 

regulation of sub-type differentiation of trophoblasts by inhibiting TGF-. 
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1. Introduction 
 

 The HtrA (High Temperature Requirement factor A) family of serine proteases 

has been found in a wide range of species from bacteria, plants to humans. The key 

feature of the members of this family is the combination of a protease catalytic domain 

with one or more C-terminal PDZ domains, which are known to interact with 

hydrophobic C-termini of proteins (Clausen et al. 2002) (Fig I-1). They are trimers in 

their active forms.  Each family member has unique N-terminal domains, such as a 

secretion signal, an organelle localization signal, a transmembrane domain, or other 

functional domains like an insulin-like growth factor-binding domain (IGFBP) or a 

protease inhibitor domain (Kim and Kim 2005).  Each member therefore, has a unique 

sub- or extracellular localization and distinct physiological functions, although a common 

feature of family members seems to be a role of stress responsive genes. 

 Mammals have four HtrA members. Human HtrA1 has been linked with the 

pathogenesis of various diseases, such as CARASIL, age-related macular degeneration, 

osteoarthritis, Alzheimer’s disease, cancers and preeclampsia. HtrA3 was first identified 

as a pregnancy related serine protease, because the expression of HtrA3 drastically 

upregulated during the development of mouse placenta. Dysregulation of HtrA1 and 

HtrA3 has been linked with development of preeclampsia.  
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Figure I-1. Domain organization of HtrA family members. IGFBP, insulin growth 

factor; Protease, trypsin-likeserine protease domain; PDZ, Postsynaptic density, Disc 

large, ZonulaOcludens domain.Numbers show amino acid residues of proteins.  Adopted 

from Clausen et al., 2002. 

 

 

1-1 Bacterial HtrA proteins 

 
 HtrA was first identified in E. coli by two phenotypes of null mutations.  Mutants 

either showed an increased sensitivity to high temperature (HtrA) or failed to digest 

denatured proteins in the periplasm (Deg) (Lipinska et al., 1989).   E. coli has three HtrA 

proteins; DegP, DegQ and DegS; all localize in the periplasm. 

 DegP promotes survival of E.coli at temperature above 42°C. DegP is activated 

by the interaction of its PDZ domains with hydrophobic segments of heat-denatured 

proteins, and cleaves these denatured proteins to reduce their toxic effects (Kolmar et al. 

1996). DegP has also a chaperone activity (Spiess et al. 1999). It recognizes and binds to 

nascent proteins secreted through the inner membrane and enhances the folding of the 

proteins.  Temperature shifts activities of DegP; the chaperone activity is dominant at low 

temperatures (~28°C), while the protease activity is dominant at high temperatures 

(~42°C) (Spiess et al. 1999).  
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 DegQ has similar substrate specificity as DegP (Kolmar et al. 1996). 

Overexpression of DegQ can complement the phenotypes of DegP null mutants (Waller 

et al. 1996).  Hence, it is a functional substitute for DegP in E. coli (Waller et al. 1996). 

 DegS differs from DegP and DegQ in substrate specificity, localization and 

functions. DegS is an inner membrane protein with its protease and PDZ domains 

localized in the periplasm.  The PDZ domains of DegS bind heat-denatured outer 

membrane porin and activate the protease activity.  Activated DegS cleaves an inner 

membrane protein RseA, which binds and inactivates a stress response sigma factor 
E
 in 

the cytoplasm.  
E
 is released upon degradation of RseA and initiates transcription of 

stress response genes (Alba BM et al., 2002, Hasselblatt et al. 2007).  

 Expression of bacterial HtrA genes is induced by stress stimuli such as heat, 

reactive oxygen, and exposure to ethanol, or osmotic shock.  Bacterial HtrAs are, 

therefore, stress responsive genes. 

 

 

1-2 Mammalian HtrA proteins 

 

 Mammals have HtrA proteins, HtrA1–4.  Those can be categorized into two 

groups according to their domain structure. HtrA2 possesses a mitochondrial localization 

signal and a transmembrane domain and localizes in the mitochondrial membrane with its 

protease domain protruding into the intermembrane space.  In contrast, the N-termini of 

HtrA1, 3 and 4 contain secretion signal sequences, insulin-like growth factor binding 

protein (IGFBP) and Kazal type protease inhibitor domains (Fig I-2).   The latter two 

domains involve in protein-protein interactions.  HtrA1, 2 and 3 have been well 

characterized, but expression of HtrA4 seems very low or restricted to specific organs, 

and information on HtrA4 is limited. 
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Figure I-2. Structure of mammalian HtrA family proteins. IGFBP= Insulin like 

growth factor binding protein, KI= Kazal type protease inhibitor. 

 

 

1-2-1 HtrA2 and diseases 

 

 HtrA2 knockout mice or homozygous mice of naturally-occurring loss-of-

function mutation of HtrA2 (Mnd2, motor neuron degeneration 2) display severe 

neurological symptoms similar to Parkinson’s disease and die around one month after 

birth (Vande Walle L et al, 2008).  Those mice fail to gain weight, and their organs such 

as the heart, thymus and spleen are strikingly small (Martins L. M., 2004).  Mitochondria 

of affected tissues are severely degenerated.  Miss sense mutations of human HtrA2 are 

linked with familiar Parkinson’s disease in Belgium and Germany (Strauss et al. 2005; 

Bogaerts et al., 2008).  These findings, together with the analogy with bacterial DegP, 

suggest that HtrA2 plays essential roles in the protein unfolding response in mitochondria 

either by digesting or re-folding denatured proteins. 

  

Serine protease !
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Structure of mouse HtrA family members 
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Upon apoptotic stimulations, HtrA2 is secreted into the cytoplasm from 

mitochondria, and induces apoptosis in caspase-dependent as well as independent 

manners (Suzuki et al., 2001). HtrA2 has been reported to bind to presenilin-2 or cleave 

APP, thus implicated in pathogenesis of Alzheimer ́s disease (Gupta et al. 2004, Park et 

al. 2006).  

 

 

1-2-2 HtrA1 and diseases 

 

 HtrA1 is secreted out of cells.  It digests extracellular matrix proteins.  Identified 

substrates include proteoglycans, such as decorin and biglycan (Tsuchiya et al.), 

glycoproteins such as fibronectin and fibromodulin (S Grau et al., 2006), elastine and 

fibulin 5 (Jones et al., 2011, Vierkotten et al., 2011). 

 HtrA1 suppresses TGF- signaling in a protease activity dependent manner, 

probably by degrading extracellular proteoglycans, which bind and concentrate TGF- 

family cytokines in the close vicinity of cells (Oka et al, 2004).   

 HtrA1 was initially identified as a protein downregulated in SV40 transformed 

fibroblasts (Zumbrunn and Trueb 1996). Expression of HtrA1 is also decreased in 

melanomas, ovarian cancer and lung cancer (Baldi et al., 2002, Chien et al., 2004, 

Esposito et al., 2006).  Overexpression of HtrA1 inhibits tumor cell growth, proliferation 

and migration (Baldi et al., 2002).  HtrA1 is, therefore, thought to be a tumor suppressor 

gene. 

 HtrA1 is increased in joint cartilage of osteoarthritis patients (Hu et al., 1998).  In 

arthritis model mice, HtrA1 expression is induced in terminally differentiated 

chondrocytes, which are destined to death and degrade surrounding cartilage matrix to 

induce ossification (Tsuchiya et al, 2005).  Probably HtrA1 aggravates arthritis by 

degrading cartilage matrix and inducing terminal differentiation of chondrocyte by 

inhibiting TGF- signaling. 

 Loss of function mutations of the human HTRA1 gene causes CARASIL 

(Cerebral Autosomal Recessive Arteriopathy with Subcortical Infarcts and 
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Leukoencephalopathy) (Hara et al. 2009).  Cerebral arteries of CARASIL patients show 

arteriosclerosis with intimal thickening, heavy deposition of collagen and proteoglycans, 

and with loss of vascular smooth muscle cells. Loss of HtrA1 activity may lead to 

accumulation of extracellular matrix proteins, and enhances TGF- signaling which 

further induces extracellular protein production. 

 SNPs in the promoter region of human HTRA1 gene are a major genetic risk 

factor for age-related macular degeneration (AMD) (Dewan et al. 2006, Yang et al. 2006).   

High-risk SNPs increase the expression of HtrA1.  AMD is characterized by deposition 

of exracellular materials called drusen between the retinal pigment epithelium (RPE) and 

its basement membrane (Bruch’s membrane) in the central region of the retina (the 

macula).  At a late stage of AMD, blood vessels invade into the affected retinal region 

from the underlying choroid layer, which causes irreversible vision loss.  Based on the 

finding from the transgenic mice overexpressing HtrA1 in RPE, it has been suggested 

that overexpressed HtrA1 digests either elastin or fibulin 5, resulting in destruction of 

elastic fibers which are the main constituent of Bruch’s membrane and elastic laminae of 

blood vessels. (Vierkotten et al., 2011, Jones et al., 2011). These damages in the Bruch’s 

membrane and blood vessel walls result in degeneration of RPE and responsive 

neoangiogenesis, both of which characterize AMD.  Another risk factor of AMD is 

oxidative stress.  The retina and RPE are subject to constant oxidative damages mainly 

due to excessive exposure to light.  In accordance with bacterial HtrAs as stress response 

genes, human HTRA1 expression is induced by oxidative stress along with cell 

senescence in RPE (Supanji et al, 2013) 

 

 

1-2-3 HtrA3 and HtrA4 

 

 The HtrA3 protein shows 59% identity and 84% similarity to HtrA1 with the 

same domain structure (Fig I-2), and is expected to have the same biochemical activities.  

The expression profiles of HtrA1 and HtrA3are very similar (Tocharus et al. 2004), but 

frequently show complimentary expression patterns within a tissue; both are expressed 
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most highly in the placenta, but HtrA is mainly expressed in the decidua capsularis and 

HtrA3 in the decidua basalis (see below). 

 HtrA4 seems to be expressed in limited tissues, as very few are listed in the EST 

database. Recently HtrA4 is reported to play roles in placenta development:  HtrA4 is 

expressed in the placenta and upregulated in pregnancy associated hypertension 

(preeclampsia) (Inagaki A et al., 2012).  It is also reported that HtrA4 regulates 

trophoblasts invasion (Wang LJ et al., 2012). 

 

 

1-3 HtrAs in pregnancy  

 

 HtrA1 and HtrA3 are most abundantly expressed in placenta. In human, HtrA1 

and HtrA3 are upregulated in the placenta during the third and first trimester of 

pregnancy, respectively (Nie et al., 2003, De Luca et al., 2004).  

 In mouse, HtrA1 and HtrA3 are not expressed in non-pregnant uterus.  HtrA1 

mRNA is first detected in the implantation site on E7.5.  HtrA1 expression increases 

drastically until E 9.5-E10.5, then decreased rapidly afterwards.  The HtrA1 protein is 

 

 

 

 

 

 

 

 

 

Figure I-3. Expression pattern of HtrA1 on E 7.5 and 8.5 (left two pictures) and 

HtrA3 on E10.5 (right) in the placenta.EPC, ectoplacental cone; emb, embryo; dec, 

decidua; DB, decidua basalis; Pla, fetal placenta; DC, decidua capsularis; MT, uterine 

endometrium.  Adopted from Nie et al., 2005 and Nie et al., 2006. 

 

DC 
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localized in the fetal trophoblast layer (ectoplacental cone) immediately adjacent to the 

decidua basalis and in the maternal decidua capsularis (Fig I-3 Left) (G Nie et al., 2005).   

 The HtrA3 mRNA becomes detectable on E3.5 at the implantation site, increases 

up to E10.5, then decrease gradually.  In contrast to HtrA1, HtrA3 is expressed almost 

exclusively in maternal decidua, and not in fetal trophoblasts.  The HtrA3 protein is 

localized mainly in the decidua basalis (Fig I-3 Right) (Nie et al., 2006). 

 

 The blood levels of HtrA1 and HtrA3 (and HtrA4 as described above) are 

elevated in pregnant women who subsequently develop preeclampsia (Ajayi F et al., 2008, 

Li Y et al., 2011).  

Preeclampsia is abnormal conditions in pregnancy and clinically diagnosed as the 

onset of acute hypertension and maternal organ dysfunction in women without history of 

hypertension (Brown et al., 2000).  Besides hypertension, proteinuria, edema and platelet 

aggregation are the hallmarks of preeclampsia. Preeclampsia is one of the most 

potentially mortal factors in pregnancy and accounts for 15-20 % of pregnancy related 

mortalities. It does not only affect mother but also affect the fetus. The most dangerous 

thing is that preeclampsia is not diagnosed until the late pregnancy, as it is not a simple 

disease but rather a disorder with multiple symptoms.  

 The HtrA1 and HtrA3 expression is increased, along with their blood levels, in 

placentas of preeclampsia patients. The HtrA1 level is sometimes decreased in human 

preeclamptic placenta with intrauterine growth restriction of the fetus (Lorenzi T et al., 

2009).   Roles of HtrAs in the etiology of preeclampsia, therefore, have to be elucidated 

in more detail.   

 

1-4 Development and functions of the mouse placenta 

 

 The placenta is the first organ that develops during early embryogenesis and plays 

important role to achieve successful pregnancy. The mouse placenta serves similar 

functions as the human placenta and gross anatomy is quite similar. Accordingly, it is 

considered as a good model to understand human placental development and disease.  
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1-4-1 Structure of mature mouse placenta 

 The placenta plays a wide variety of critical roles during pregnancy for both 

survival and growth of the fetus and well-being of the mother. The placenta implants the 

conceptus into the uterine wall, protects the fetus from the maternal immune system, 

modulates the maternal vasculature to deliver adequate blood supply to the implantation 

site, brings fetal and maternal blood in close contact to promote nutrient and oxygen 

exchange and waste disposal, and secretes hormones for pregnancy maintenance and 

adaptation.  The mouse placenta matures after E10.5.  A mature mouse placenta has three 

distinctive compartments (Fig I-4), the most distal to the fetus is known as the maternal 

decidua, the intermediate one is the junctional zone and the closest to the fetus is the 

labyrinth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I-4. A schematic structure of a mature (E14.5) mouse placenta. Adopted from 

Watson and Cross, 2005 

 

 

  

(Junctional zone) 

Cells layer 
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Maternal decidua consists of stromal cells required for the response to progesterone, 

spiral arteries that carry maternal blood to the implantation site, and the maternal spiral 

artery related trophoblast cells that remodel these spiral arteries to increase blood flow, 

uterine natural killer (NK) cells (maternally derived lymphocytes involved in remodeling 

of maternal spiral arteries), and glycogen trophoblast cells (GlyT)  derived from the fetal 

part that interstitially invade the decidua (Adamson et al., 2002).  Spiral arteries, which 

are characteristic to the placenta ensure abundant blood flow to the fetal placenta during 

pregnancy, and at term, quickly constrict to avoid bleeding when the placenta detaches 

after the delivery of fetus. 

 The junctional zone is separated from the decidua by a layer of trophoblast giant 

cells (TGC), and mainly composed of two types of trophoblasts, spongiotrophoblasts 

(SpT) and glycogen trophoblasts (GlyT).  The junctional zone provides the structural 

support to the labyrinth and also prevents the fetus from immature invasion of blood 

vessels. Maternal blood “bleeds’ into canals in the junctional zone.  The maternal blood 

canal is lined with canal-associated trophoblast giant cells. 

 Just beneath the junctional zone, distal to the decidual layer is the labyrinth layer, 

where fetal blood vessels and maternal blood spaces come in close contact to each other. 

These two blood vessels in the labyrinth are separated by a trilaminar arrangement of 

trophoblast cells, which is composed of a single layer of mononuclear subtype of TGC 

and two layers of multi -nucleated syncytiotrophoblasts formed by cell fusion (Fig I-5). 

 

 

1-4-2 Development of mouse placenta 
 

 Mouse placental development starts in the blastocyst at E 3.5 (Fig I-5). The 

trophoectoderm is first specified from the inner cell mass (ICM). Around E 4.5, 

differentiation into different types of trophoblasts begins. Trophoectoderm cells in 

contact with inner cell mass (polar trophoectoderm) differentiate into the extraembryonic 

ectoderm and ectoplacental cone (Fig I-5 ). The mural trophoectoderm (distal to ICM) 

differentiates to form primary TGC by a process called endoreduplication and facilitates 

the process of implantation. At E7.5, the extraembryonic ectoderm gives rise to the 

chorion, a layer that surrounds the embryo. The chorion subsequently forms the 
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trophoblasts in the labyrinth. The ectoplacental cone will give rise to thejunctional zone. 

 The allantois grows from the embryo at around E 8.5 and attaches to the chorion. 

This is known as chorioallantoic attachment. The chorion then starts to fold to form villi 

and makes spaces where fetal blood vessels grow from the allantois.  The villi form a 

network of blood vessels and together with the trophoblasts in the chorion give rise to the 

labyrinth. At E 9.5, Spongiotrophobalsts (SpT) and secondary TGC are formed between 

the decidua and labyrinth, which expand the labyrinth. 

 Around E10.5, trophoblasts of the chorion differentiate into multinucleated 

syncytiotrophoblasts and mononuclear syncytiotrophoblasts.  Around E 12.5 glycogen 

trophoblasts start to differentiate in the junctional zone from the spongiotrophoblasts. The 

fetal vascular network and these trophoblasts form the branched villi of the labyrinth 

continue to develop and progress towardthe maternal decidua.  Sinusoids filled with 

maternal blood and fetal blood vessels mingle together in the labyrinth and exchange 

nutrients, oxygen and waste products.  

Figure I-5. Sequential events during mouse placenta development.  TGC, 

trophoblastgiant cells; EPC, ectoplacental cone; P-TGC, parietal TGC; S-TGC, sinusoidal 

TGC; spongio-, spongiotrophoblasts layer or junctional zone.  Adopted from Rossant and 

Cross, 2005, and Sally L. Dunwoodie, 2009. 
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1-4-3 Development of trophoblasts 

 
 The placenta exerts its various roles through the differentiated trophoblast cells in 

the placenta. They are major components of the fetal placenta and have distinct functions.  

 Trophoblast giant cells (TGC) are the first differentiated cell types specified 

around E 6.5 during placental development. Embryonic stem cells produce FGF4 and 

TGF- β to maintain the pluripotency of trophoblast stem cells and suppress the formation 

of TGC (Rossant and Ofer., 1977, Tanaka et al., 1998).  Withdrawal of FGF 4 and TGF- 

β triggers TGC differentiation. 

 TGC are large polyploid mononuclear cells that are the result of 

endoreduplication – a process whereby TGC undergo several rounds of DNA replication 

without subsequent mitoses. TGC are invasive and phagocytic in nature, enabling them to 

perform their role in implantation. They are endocrine in character, too, releasing various 

paracrine factors important for promoting pregnancy. TGC are thought to play essential 

role in decidualization, a process which changes endometrial cells into decidual stromal 

cells, as they produce progesterone or other signals that regulate decidual cell 

differentiation. In mice, four subtypes of TGC with distinct functions have been 

identified at different stages of gestation and in different locations within the placenta 

(Simmons et al., 2007; Simmons et al., 2008b). They are; parietal TGC (P-TGC) formed 

around E 9.5, line the implantation site and are in direct contact with the decidua; spiral 

artery-associated TGC (SpA-TGC) formed around E 9.5 and regulate maternal spiral 

artery remodeling and blood flow into placenta; maternal blood canal-associated TGC 

(C-TGC)that arises around E 9.5 and regulate maternal vasculature and physiology; 

sinusoidal TGC (S-TGC) formed around E 11.5 within the sinusoidal blood spaces in the 

labyrinth(Fig I-6). 

 All subtypes of TGC share the common characteristics that they are large, have 

polyploid (usually single) nuclei, and are secretory in nature with their content of the 

Golgi and endoplasmic reticulum increasing during differentiation (Bevilacqua and 

Abrahamsohn, 1988).  One important feature of TGC is that they are post mitotic and can 

exert their functions without risk of forming tumors (Hemberger, 2008). This is very 

important because they are invasive in nature and can promote angiogenesis locally. 



 13 

 Each subtype of TGC expresses different genes of the prolactin family and can be 

identified by the expression of these genes. For example, P-TGCs express Pl-I, Pl-II and 

Pl-f; SpA-TGCs express only Pl-f; C-TGCs express Pl-II and Pl-f; S-TGCs express Pl-II. 

TGC are originated from either Tpbpa positive or Tpbpa negative cell lineage. Pl-II and 

Pl-f expressing cells usually derived from both Tpbpa positive and negative cell 

precursors.  

 The junctional zone of the mouse placenta consists of SpT and GlyT cells. SpT 

maintain structural integrity of the placenta. On the basis of marker expression, SpT and 

GlyT originate from the ectoplacental cone and express Tpbpa (Fig I-6). Their 

differentiation seems to be complementary: several genes have opposite effects on the 

development of these two cell types. For example, deletion of Mash2, SOCS3, or PPAR 

leads to increase in TGC and loss of SpT (Guillemot et al., 1994, Tanaka et al., 1997, 

Takahashi Y et al., 2003, Wang H et al., 2007).  

 In the labyrinth, maternal blood is separated from the fetal blood vessels by three 

types of trophoblast cells; those are consist of S-TGCs and two types of 

syncytiotrophoblasts (SynT-I and II) (Fig I-4). S-TGC, SynT-I and SynT-II are dissimilar 

in form and function from each other; S-TGCs are largely secretory mononuclear 

polyploidtrophoblast cells (Simmons and Cross, 2005, Simmons et al., 2007), while 

SynT-I and SynT-II cells are multinuclear diploid cells that transport nutrients and 

produce hormones, as well as mediating evasion from the maternal immune system 

(Dupressoir et al., 2009). Cell lineages of trophoblasts and markers that discriminate each 

trophoblast are summarized in Fig I-6. 
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Figure I-6: Development of different subtypes of trophoblasts. Pl-I is the marker for 

P-TGC; Pl-II is the marker for P-TGC, C-TGC and S-TGC; Pl-f is the marker for P-TGC, 

C-TGC and SpA-TGC; Tpbpa is the marker for SpT and GlyT.Embryonic day shown in 

red indicates the time when each trophoblast appears.  Adopted from D.Simmons et al., 

2007. 

 

1-5 Etiology of preeclampsia 

 Preeclampsia is a multi-factorial disease; both maternal and fetal factors 

contribute to the etiology of preeclampsia. Common feature is inadequate development 

and/or functions of the placenta (Redman et al., 2005, Wang et al., 2009).  Genetic 

factors and multiple pregnancy are among the most frequent causes of preeclampsia.  

 Defective invasion of trophoblasts leads to preeclampsia (Hung et al., 2002, GS 

Whitley and JE Cartwright., 2010). During normal placentation, SpA-TGCs invade the 

maternal decidua, associate with maternal arteries and induce remodeling into spiral 

arteries. The remodeling dilates the arteries and makes them less sensitive to 

vasoconstriction, and thereby increases the maternal blood flow into the fetal placenta 

about 10-fold, the increase in blood flow is essential for the growing needs of fetus. 

Inadequate remodeling results in under perfusion which causes hypoxia, thrombosis, and 

chronic inflammation in the fetal placenta.  Hypoxic conditions stimulate trophoblast 

proliferation and block the differentiation into invasive trophoblasts (Zhou et al., 1997), 
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contributing to a vicious cycle that aggravates preeclampsia.  Defects in spiral artery 

remodeling also results in an uneven blood flow to the fetal placenta and induce an 

ischemic-reperfusion insult due to local fluctuation in oxygen concentration, causing 

oxidative stress (Hung et al., 2002).  

 Invasion of SpA-TGC requires up-regulation of protease activities such as MMP-

2 and MMP-9 to degrade ECM, and inhibited by Interferon-γ and TGF-β. Therefore 

perturbation of these factors can also induce preeclampsia (Knofler., 2010).  

 

1-6 Purpose of this study 

 Since the placenta expresses HtrA1 and HtrA3 most highly among all organs in 

mouse and human and their expression is dysregulated in preeclampsia, these secreted 

serine proteases should have important functions in both normal development and 

pathological conditions of the placenta.  In this study, I try to understand the function of 

HtrA1 and HtrA3 in mouse placentation by taking advantage of HtrA1, HtrA3, and 

HtrA1/HtrA3 gene knockout mice, which are produced in our laboratory. In particular, 

HtrA3 knockout mouse and HtrA1/HtrA3 double knockout mouse are available only in 

our laboratory. 

 

1-7 Abbreviations 

 Here in this thesis, I refer to wild type moue as HtrA+/+; homozygous HtrA1 

single gene knockout mouse as HtrA1
-/-

; homozygous HtrA3 single gene knockout mouse 

as HtrA3
-/-

, and HtrA1/HtrA3 double gene knockout mouse as HtrA1/3
-/-

. 

Other abbreviations used to refer to various types of trophoblasts and the placental 

structures are; 

 

EPC, ectoplacental cone 

ICM, inner cell mass  

GlyT, glycogen trophoblastcells 

NK, natural killer cells 
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TGC, trophoblast giant cells  

P-TGC, parietal TGC 

S-TGC, sinusoidal TGC 

SpA-TGC, spiral artery-associated TGC 

C-TGC, maternal blood canal-associated TGC 

SpT, Spongiotrophobalsts  

SynT, syncytiotrophoblasts 
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2. Materials and Methods 

2-1 Mice 

HtrA1 and HtrA3gene knockout mice were generated by the conventional 

homologous recombination method using RF8 ES cells. The details of the targeting 

vector for disruption of the HtrA1gene and the preliminary characterization of HtrA1 

gene knockout mice were described previously (Tsuchiya et al., 2005, Jones et al., 2011). 

HtrA1 knockout mice were maintained either as a mixed 129/Sv and C56BL/6 

background or as a Balb/C background after more than 10 generations of backcrossing.  

To generate HtrA3 knockout mice, a targeting vector was designed to remove 5’-end 424 

bases from exon 1 of the HtrA3 gene (see Figure M-1). The absence of the HtrA3 

transcript in homozygous HtrA3 knockout mice was confirmed by northern blot of total 

RNA prepared from the placenta. HtrA3 knockout mice were maintained as a mixed 

129/Sv and C56BL/6 background. All animal experiments were approved by the Animal 

Welfare Committee of Nara Institute of Science and Technology. Noon on the day when 

the vaginal plug was detected was set as embryonic day 0.5 (E0.5). 
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Figure M-1. Gene targeting of mouse HtrA3.  A) Genome structure of the exon1-exon3 

region of mouse HtrA3 gene. B) Structure of the targeting vector.  C) Structure of 

targeted HtrA3 gene.  The 5’-end of HtrA3 exon1 (1-424 bp) was deleted. D) Northern 

blot of mRNA prepared from wild type and homozygous HtrA3 knockout mice.  B, 

BamHI site; S, Sal I site; Xh, Xho I site; No, Not I site.  Open arrow shows a PGK-neo-

PolyA cassette. Orange arrow shows a PMC-diphtheria toxin (DT-A)-PolyA cassette. 

 

2-2 Genotyping 

Genotypes of the mice were determined by polymerase chain reaction (PCR). 

Genomic DNA was isolated from tails of 1month old mice. The cut tail was lysed in 

500μL tail DNA lysis solution containing 50 mM Tris-HCl (pH 7.6), 100 mM EDTA, 

100mM NaCl, 1 % SDS and Proteinase K (0.2 mg / mL) at 55°C overnight.  

RnaseA (10 mg/ml) was added and incubated at 37°C for 1 h. The lysate was then 

extracted with equal volume of phenol: chloroform solution by rotating for 30 min 

followed by centrifugation for 5 min at 15,000 RPM at room temperature. After 

centrifugation, an equal volume of isopropanol was added to the water phase and DNA 

precipitate was collected by centrifugation for 5 min. The precipitate was rinsed with 

70% ethanol and then air dried at room temperature for 15 min. The rinsed DNA was 

dissolved in 100μl of water. PCR was run for 35 cycles (95 ℃  for 0.5 min for 

denaturation; 55℃ for 0.5 min for annealing; 72℃ for 1 min for extension), followed by 

extension at 72℃ for 5 min.  

For HtrA1 genotyping the targeted allele was identified with the following primers– 

Forward primer- 5’- AATGGGCTGACCGCTTCCTCGTGCTT-3’ 

Reverse primer- 5’- TGTGCACGCCGTCGTACTGT-3’. 
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The wild type allele was identified with the following primers- 

Forward primer- 5’- CACTACGCATTGCAGCCCCTC-3’ 

Reverse primer- 5’- CGTACCACGCTCCTGTCTTT-3’ 

 

For HtrA3 genotyping the targeted allele was identified with the following primers- 

Forward primer- 5’-GCACACGTCGGCATAAGTAT-3’ 

Reverse primer- 5’- GGGGAACTTCCTGACTAGGG-3’ 

The wild type allele was identified with the following primers 

Forward primer- 5’- ACTGTCTTGGCCTTTAAGCG-3’ 

Reverse primer-5’- GCACACGTCGGCATAAGTAT-3’ 

PCR products were separated by electrophoresis with1.0-1.5% agarose gels in 1x 

TAE buffer. Gels were then stained with ethidium bromide for 15-20 min and DNA was 

visualized under UV light. 

 

2-3 Tissue preparation 

Placentas were harvested from timed mating at E9.5, 10.5, 12.5, 14.5 and 16.5.  

The noon of the day when vaginal plague was detected was designated as E 0.5. Mice 

were killed by overdose of pentobarbital and fixed with 4 % paraformaldehyde in 

phosphate-buffered saline (PFA/PBS). Tissues were fixed overnight in 4% in PFA/PBS 

and then rinsed in PBS twice. For paraffin embedding, tissues were dehydrated through a 

graded ethanol series and embedded in paraffin wax. Five μm sections were cut from 

paraffin block at room temperature.  For frozen histological sections, after fixation with 

4% PFA/PBS, tissues were incubated in 30% sucrose in PBS overnights. When the 
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tissues sank completely into the sucrose solution, they were embedded in OCT compound 

(Sakura) at room temperature and frozen with liquid nitrogen. OCT blocks were then 

stored at -80 ̊C until use and 10-12 μm sections were cut at -20 ̊C using cryostat 

(Microm).  

 

2-4 Histology 

Hematoxylin and eosin staining was performed for histological evaluation. 

Paraffin sections were de-waxed in xylene for 15 min and then rehydrated in and graded 

ethanol series (100%, 90%, 80% and 70%) and washed twice with distilled water for 5 

min each.  Samples were stained in Mayer’s Hematoxylin (Wako) for 10 min and washed 

in running tap water for 10 min. Then the sections were stained with eosin for 2 min, 

followed by washing with distilled water for 10 sec and dehydration with 80%, 90%, and 

100% ethanol.  The sections were then cleared in xylene before mounting with Soft 

Mount Solution (Wako).  For periodic acid schiff (PAS) staining, placental sections were 

dewaxed and rehydrated and then incubated with 0.5% periodic acid for 5 min at room 

temperature. Subsequently, the slides were rinsed with distilled water and then immersed 

in Schiff’s reagent (Wako) (0.5% pararosaniline chloride, 0.15M HCl, 0.425% K2S2O5) 

for 15 min at room temperature. The sections were then rinsed with tap water to develop 

the color. The sections were counterstained with Haematoxylin (Mayer) for 2 min, 

dehydrated and then mounted with Soft Mount Solution. For isolectin B4 staining, 

sections were immersed in boiled citrate buffer (pH6.0) for antigen retrieval.  After 

slowly cooled down to room temperature for 1-2 h, the sections were incubated with 

0.3% H2O2 in methanol for 30 min. Then the sections were treated with 200 μl of Block 

Ace at room temperature for 30 min. Isolectin antibody (biotin-labeled, Vector 

laboratories) diluted 100 fold and was applied over the sections and incubate at 4°C over- 

night.  The sections were then washed with TPBS (0.05% of tween 20 in 1X PBS) 3 

times for 5 min each. They were then incubated with horseradish peroxidase-conjugated 

streptavidin (1/100, KPL) for 1 h at room temperature and then subjected to DAB 

development. 
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2-5 In situ hybridization on tissue sections 

The HtrA1 (Oka et al., 2004) probe and HtrA3 (Tocharus et al., 2004) probe have 

been described previously. Tpbpa probe (Camey et al., 1993) was a kind gift from Dr. 

James Cross. Pl-I, Pl-II and Pl-f probes were from Dr. David Simmons and have been 

described previously (Simmons et al., 2007) 

E.coli harboring a plasmid containing probe cDNA was cultured in 100 ml of LB 

broth containing 100 µg/mL of ampicillin overnight at 37°C with shaking. The cells were 

harvested by centrifugation, and plasmid DNA was extracted using the QIAGEN Plasmid 

Maxi Kit according to the manufacturer’s instructions Plasmid DNA was linearized by an 

appropriate restriction enzymes and subject to in vitro transcription. One µg of linearized 

DNA was incubated with 10X buffer, 10X labeling mix, RNase inhibitor and RNA 

polymerase (T3 or T7) for 2 hs at 37°C. After treating with1 µl of RNase free DNase 

(Promega) for 20 min at 37°C, 1 mM EDTA was added to stop the DNase reaction. 

Product RNA was precipitated with ethanol and dissolved in RNase-free water. 

Paraffin sections were rehydrated in an ethanol series (100%, 90%, 80% and 

70%) and distilled water. Sections were then fixed with 4% paraformaldehyde in PBS 

and then treated with proteinase K buffer (1 µg/ml proteinase K, in 0.1 M Tris-HCl and 

0.1 M EDTA (pH 8.0)) for 30 min at 37°C.  The sections were washed with PBS for 3 

min at room temperature. Subsequently, the sections were incubated at room temperature 

in 0.1 M triethanolamine (TEA) for 2 min, thenin 0.25% (v/v) acetic anhydride in 0.1 M 

TEA buffer (pH8.0) for 10 min and finally with 0.2N HCl/PBS for 5 min.The sections 

were washed with PBS. RNA probe prepared in 5X SSC and 50% formamide was 

applied over the washed sections. The sections were covered with Parafilms and 

incubated at 55 °C overnight in a moisture chamber.  After overnight incubation sections 

were briefly washed in 5X SSC and then washed with 2X SSC for 20 min at 55°C twice, 

followed by washing twice with 0.2X SSC for 20 min each at 55 °C. Samples were 

washed with TBS for 5 min at room temperature and blocked with 0.5% blocking reagent 

along with 20% goat serum in TBS for 1 h. Anti digoxigenin antibody diluted 1/1000 fold 

with 0.5% Blocking Reagents and 20% goat serum in TBS was applied over the sections, 
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and the sections were incubated overnight at 4 °C. The sections were washed and then 

incubated with NBT/BCIP for 6-12 h to detect signals.  

 

2-6 Histomorphometry and Statistical Analysis 

For quantitative analysis of the blood spaces in the labyrinth, paraffin sections of 

E10.5placentas were stained with hematoxylin and eosin. For each conceptus at E10.5, 

three different sections of the placenta were analyzed. The maternal blood spaces were 

identified by the presence of non-nucleated maternal red blood cells and fetal blood 

spaces were identified by the presence of nucleated dark purple color cells. The area of 

blood spaces were measured using NIS Elements software (Nikon). Statistical 

significance was calculated by Graphpad software by using ‘unpaired student’s t-test’ 

method. For other quantitative analysis, total length measurement, spongiotrophoblasts 

area, glycogen trophoblast area, three different sections per placenta at 100 µm intervals 

from the central region near the site of umbilical cord attachment were analyzed. 

 

2-7 Blood pressure measurement 

Blood pressure was measured in conscious mice using the tail cuff method as 

described previously (Oron-Herman et al., 2008). Mice were inserted in a chamber 

provided by the company (Softron Co, Japan) and body temperature was maintained at 

37 ℃ during the measurement. The average of 5 consecutive readings was recorded. 

 

2-8 Western blotting 

Placenta tissues were obtained from the E10.5 HtrA +/+ and HtrA1 -/-mice. The 

placentas were homogenized in RIPA lysis buffer (50 mM Tris-HCl at pH 8.0, 150 mM 

NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)) with 
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1 mM PMSF, and 10 μg/ml protease inhibitor cocktail.  The homogenates were 

centrifuged at 15,000 RPM for 20 min at 4
o
C. The supernatant were removed and 

analyzed by Western blot. Western blot was performed by standard methods using an 

antibody against phosphorylated Smad2 (pSmad2) (Santa Cruz). Briefly, a SDS-

polyacrylamide (12.5%) gel was used for electrophoresis, and 20 µl each of placenta 

extracts was applied to a well of the gel. Electrophoresis was carried out at 100 volt.  

After running, proteins were transferred from the gel to PVDF membrane using a wet 

transfer tank. The membrane was then blocked in 4% skim milk in Tris-buffered saline 

containing 0.05% tween 20 (TBS-T) for 1 h.  The blocked membrane was incubated with 

anti-pSmad2 antibody (1/2000 diluted with TBS-T containing 4% skim milk) overnight 

at 4
o
C.  The membrane was then washed with TBS-T three times each for 10 min.   The 

washed membrane was incubated with a horse radish peroxidase conjugated anti-mouse 

IgG (1/20000diluted, GE Health Care) for 1 h at room temperature. The membrane was 

washed again with TBS-T three times each for 10 min.  Then, peroxidase activity was 

detected by ECL
Plus 

(GE Health Care) and visualized by exposing on X-ray film (Fujifilm 

FLA500). 
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3.  Results 

 

3-1 Deletion of HtrA1 and HtrA3 results in intra uterine 

growth retardation 

HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 mice are viable and fertile, but they are slightly 

smaller than wild type mice in the first several weeks after birth.  Parents of homozygous 

HtrA1
-/-

, HtrA3
-/-

 or HtrA1/3
-/-

 mice were mated and the body weight of the progenies was 

examined every week after birth (Fig. 1).   The HtrA1
-/-

 mice have the Balb/C genetic 

background.  HtrA3
-/-

 and HtrA1/3
-/-

 mice have the 129/B6 background.  Accordingly, 

Balb/C or 129/B9 wild type mice were used for comparison with HtrA1
-/-

 or HtrA3
-/-

 and 

HtrA1/3 
-/-

 mice, respectively. 

Body weight of HtrA1
-/-

 newborn pups was significantly lighter than that of wild 

type Balb/C mice until the third week, but the difference in body weight became 

insignificant in the fourth week (Fig. 1A).  HtrA3
-/-

 mice were also lighter than the wild 

type 129/B6 mice.  The significant difference persisted only for two weeks in case of 

HtrA3
-/-

 mice and then disappeared in the third week (Fig. 1B).  HtrA1/3
-/-

 pups were 

even lighter than HtrA3
-/-

 mice.  It took four weeks for the HtrA1/3
-/-

 pups to catch up 

with the body weight of wild type mice (Fig. 1C).  These differences in body weight in 

the early life suggest that the deficiency in HtrA1 and HtrA3 have detrimental effects on 

placental or embryonic development. 

Next I examined the weight of embryos of these knockout mice.  In order to make 

the comparison among the three KO mice possible, we used HtrA1
-/-

 mice with genetic 

background of 129/B6 in this experiment and all the following experiments.  Pregnant 

mice were sacrificed on the gestational day 14.5 (E14.5).  Embryos and placentas were 

separately weighed.  The embryos of all three types of KO mice were significantly lighter 

than wild type (HtrA+/+) embryos (Fig. 2A).  The placentas of KO mice were also lighter 

than the wild type placentas (Fig. 2B). 
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Figure 1.  Low body weight of pups born from mating of HtrA1
-/-

, HtrA3
-/-

 and 

HtrA1/3
-/-

 parents.  A) Comparison of body weight of HtrA+/+ (N=8) and HtrA1
-/-

 (N=7) 

pups from Balb/C genetic background after birth.  B) Comparison of body weight of 

HtrA+/+ (N=10) and HtrA3
-/-

 (N=8) mice pups from 129/B6 genetic background after 

birth.  C) Comparison of body weight of HtrA+/+ (N=10) and HtrA1/3
-/-

 pups (N=10) 

from129/B6 genetic background after their birth.  P value was calculated by Student’s T 

test. *= P<0.05, **= P<0.005 and ***= P< 0.0005.  N shows the number pups used for 

the analysis. 
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Figure 2.  Decrease in weight of the placenta and embryos of HtrA KO mice at E14.5. 

A) Embryos were harvested from HtrA+/+ (N=8), HtrA1
-/-

 (N=7), HtrA3
-/-

 (N=7) and 

HtrA1/3
-/-

 (N=8) mice at E14.5 and weight was measured immediately.  B) Weight of 

placentas.  All mice used in this experiment are from 129/B6 genetic background.  P 

value was calculated by Student’s T test. *= P<0.05, **= P<0.005 and ***= P< 0.0005. 

N shows the number pups used for the analysis. 
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3-2 The placental development is defective in HtrA1 and HtrA3 

deficient mice at E10.5 

I suspected that the defects in placenta caused smaller embryos and pups of 

HtrA1
-/-

, HtrA3
-/-

 or HtrA1/3
-/-

 mice.   Accordingly, I examined placenta sections.  

Paraffin sections of placentas were stained with HE (Fig. 3A).  Total length of the 

placenta (maternal decidua+ fetal placenta) was shorter for all three types of homozygous 

KO mice as compared with the wild type (Fig 3B).  Since the size of the maternal decidua 

of the KO mice and wild type mice did not differ, I focused on the fetal part of placenta 

and measured the area of the labyrinth and the junctional zone (Fig. 3C and D).  

Quantitative analysis revealed that the labyrinth (Fig. 3C) and the junctional zone (Fig 

3D) are smaller in HtrA1
-/-

, HtrA3
-/-

 or HtrA1/3
-/-

 placentas than the wild type placentas.  

In the labyrinth, fetal blood vessels are in close contact with maternal blood.   The fetal 

blood vessels and maternal blood sinusoids can be separated based on the histology of 

blood cells; fetal blood cells are nucleated and stained dark blue with HE, while maternal 

blood cells are enucleated and stained red.  The total area of fetal blood vessel cavity and 

that of maternal sinusoid cavity were measured (Fig. 4B and C).   The maternal sinusoid 

area was decreased in the labyrinth of HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placenta at E10.5 

(Fig. 4B).  Similarly, the area of fetal blood cavity was also reduced in these KO mice 

placentas as compared with the wild type placenta (Fig. 4C).  
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Figure 3.  Placenta was smaller due to smaller labyrinth and junctional zone in HtrA 

KO mice at E10.5.  A) HtrA+/+, HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placentas were 

harvested at E10.5 and stained with HE.  B) Total length of the placenta (maternal 

decidua plus fetal placenta) was measured (marked with red line in figure A).  C) Area of 

the labyrinth.  D) Area of the junctional zone (spongiotrophoblasts layer).  P value was 

calculated by Student’s T test. *= P<0.05, **= P<0.005 and ***= P< 0.0005.  N shows 

the number of placentas used for quantification. Three different sections from each 

placenta were used for the analysis. Scale bars = 500 µm. 
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Figure 4.  Area of maternal and fetal blood spaces in the labyrinth was decreased in 

HtrA KO mice at E10.5.  A) HE staining showing the fetal part (labyrinth plus 

junctional zone) of the placenta and the maternal blood spaces (marked with black arrow) 

and fetal blood spaces (marked with red arrow) in the labyrinth. B) Maternal blood 

spaces in the labyrinth of HtrA1 
-/-

, HtrA3 
-/-

 and HtrA1/3
-/-

 placenta at E10.5.  C) Fetal 

blood spaces in HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placenta.  P value was calculated by 

Student’s T test. *= P<0.05, **= P<0.005 and ***= P< 0.0005.  N shows the number of 

placentas used for quantification.  Three different sections from each placenta were used 

for the analysis. Scale bars = 500 µm. 
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3-3 Placental defects persist on E14.5 in HtrA1 and HtrA3 

deficient mice 

Placentas were removed from HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 mice at E 14.5.  

Paraffin sections of the placentas were stained with PAS (periodic acid-Schiff) (Fig. 5A).   

Reduction in total placenta length was observed in HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 

placenta (Fig. 5B).  The labyrinth was significantly smaller in HtrA1
-/-

, HtrA3
-/-

 and 

HtrA1/3
-/-

 placentas as compared with the wild type placentas (Fig. 5C).  Next, placentas 

were stained with isolectin B4, which specifically stains fetal blood vessels.  The fetal 

vessels of the wild type placenta looked elongated with long straight segments, and ran 

parallel to each other toward the decidua (Fig. 6A), while those of HtrA1
-/-

 (Fig. 6B), 

HtrA3
-/-

 (Fig. 6C) and HtrA1/3
-/-

 (Fig. 6D) placentas branched more, and were more 

randomly aligned.  These abnormal structures of the fetal blood vessels were most 

prominent in HtrA1/3
-/-

 mice (Fig. 6D). 

     PAS stains glycogen trophoblasts (GlyT) in the junctional zone.  Some islands 

like structures were present in the labyrinth (Fig. 6A), and those were aggregates of PAS 

positive trophoblasts (Fig. 7A).  The PAS positive islands in the labyrinth were larger and 

more abundant in HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placentas than in the wild type 

placentas (Fig 7A).  The total are of the PAS positive islands in the labyrinth were 

measured (Fig. 7B), and the result showed that the placentas of HtrA1/3
-/-

 mice had the 

most PAS positive cells in the labyrinth.  

    PAS positive GlyT usually reside in the junctional zone and some invade the 

maternal decidua.  In normal placenta, a small number of GlyT are left behind in the 

labyrinth, because of delayed migration of some trophoblasts toward the maternal 

decidua.   Increase in PAS positive cells in the labyrinth indicated defective trophoblast 

migration in these KO mice.  I, therefore, examined the cellular components of the 

junctional zone, which is mainly composed of spongiotrophoblasts (SpT) and GlyT.   

SpT, which are the main cell type in the junctional zone, are not stained with PAS and 

appear grey in the cytoplasm with large nuclei, while GlyT are stained magenta with 
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small and dense nuclei and vacuoles in the cytoplasm (Fig. 8A).  SpT were decreased in 

all three types of knockout placentas (Fig. 8B).  GlyT in the junctional zone were also 

decreased in knockout placentas as compared with the wild type (Fig. 8C).  The decrease 

in both SpT and GlyT could result in the reduction of the thickness of the junctional zone. 

   SpT and GlyT in the junctional zone are derived from the ectoplacental cone-

derived precursor cells.  The above-mentioned data suggested that differentiation of the 

precursor cells and/or the migration of GlyT were defective in the KO mice.  All the 

phenotypes displayed by the KO placentas disappeared by E 16.5 (Fig 9). 
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Figure 5.  Placenta and labyrinth were smaller in HtrA KO mice at E14.5. A) 

HtrA+/+, HtrA1 
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placentas were harvested and stained with PAS 

reagent.  Red arrows show PAS positive glycogen cell islets in the labyrinth and blue 

lines show the total length of placenta.  B) Total placental length (maternal decidua+ fetal 

placenta).  C) Are of the labyrinth.  P value was calculated by Student’s T test. *= P<0.05, 

**= P<0.005 and ***= P< 0.0005.  N shows the number of placentas used for 

quantification.  Three different sections from each placenta were used for the analysis. 

Scale bars = 500 µm. 

Labyrinth is still smaller in all KO placentas on E14.5 
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Figure 6.  Branching angiogenesis was decreased in HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 

mouse placentas at E14.5.  Sections from HtrA +/+, HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 

placentas at E14.5 were immunostained with anit-isolectin B4 antibody, which 

specifically stained fetal blood vessels.  Fetal blood vessels are stained brown.  Branching 

of vessels is pointed with black arrows. Scale bars = 500 µm. 
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Figure 7.  Large PAS-positive cell clusters remained in the labyrinth of HtrA1
-/-

, 

HtrA3
-/-

 and HtrA1/3
-/-

 mouse placentas at E14.5.  Sections of E14.5 placentas were 

stained with PAS.  A) PAS positive structures (marked with red arrows) present in the 

labyrinth of HtrA+/+, HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placenta.  B) Area of PAS positive 

cells in the labyrinth.  P value was calculated by Student’s T test. *= P<0.05, **= 

P<0.005 and ***= P< 0.0005.  N shows the number of placentas used for quantification.  

Three different sections from each placenta were used for the analysis. Scale bars = 500 

µm. 
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Figure 8.  Spongiotrophoblasts and glycogen trophoblasts were reduced in the 

junctional zone in HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 mouse placentas at E 14.5.  A) 
Presence of SpT (marked with blue arrows) and GlyT (marked with yellow arrows) in 

HtrA+/+, HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 mouse placentas at E14.5.  B) Area occupied by 

SpT in the junctional zone.  C) Area occupied by GlyT in the junctional zone.  P value 

was calculated by Student’s T test. *= P<0.05, **= P<0.005 and ***= P< 0.0005. N 

shows the number of placentas used for quantification.  Three different sections from 

each placenta were used for the analysis. Scale bars = 500 µm. 
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Figure 9.  E16.5 placentas of HtrA1
-/-

 and HtrA1/3
-/-

 mice show normal histology.  

Sections from HtrA+/+, HtrA1
-/-

, and HtrA1/3
-/-

 placentas at E16.5 were stained with PAS. 

No differences were observed among HtrA
+/+

 (A), HtrA1
-/-

 (B) and HtrA1/3
-/-

 placentas 

(C).  (D) and (G) are magnified images of the junctional zone in the section depicted in 

(A); (E) and (H) are those in (B); (F) and (I) are those in (C). Black scale bars=1000 m. 

White scale bars= 100 m. Blue scale bars= 50 µm 
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3-4 Expression of HtrA1 and HtrA3 in the placenta 

The expression of HtrA1 and HtrA3 has been analyzed mostly by immunostaining.   

Since these proteins are secretory, in situ hybridization is necessary to identify the cells 

expressing HtrA1 and HtrA3.   

    In situ hybridization revealed that at E7.5, HtrA1 mRNA was expressed by the 

cells in the decidua capsularis most strongly, and weakly by trophoblasts in the outer 

layer of the ectoplacental cone (Fig. 10 A, B), whereas HtrA3 mRNA was not expressed 

at this stage (Fig. 10 C, D).  At E8.5, HtrA3 started to express very faintly and diffusely 

in the maternal decidua both in the decidua basalis and decidua capsularis (Fig. 10 G, H).  

At this stage, expression of HtrA1 continued in the outer ectoplacental cone and the 

decidua capsularis (Fig. 10 E, F).   At E 9.5 and E 10.5, HtrA1 expression became faint in 

the ectoplacental cone and restricted to a thin layer of cells in the outer ectoplacental cone  

(Fig. 11 A, B, C, G, H, and I).  HtrA1 expression in the decidua capsularis also decreased 

on E10.5 but still very strong compared to the expression in the ectoplacental cone (Fig. 

11 G, H and I).  HtrA3 showed strong expression on E9.5 in the decidua basalis that 

borders on the ectoplacental cone (Fig. 11 D, E and F) and continued to show strong 

expression at E10.5 (Fig. 10 J, K and L).   Along with decidual stromal cells, some cells 

around the maternal artery in the decidua expressed HtrA3 (Fig. 11 L, O and P).  A few 

cells around the maternal artery in the decidua also expressed HtrA1 (Fig 11 M and N) 

    In order to clearly identify cells that express HtrA1 and HtrA3, I carried out in situ 

hybridization using various probes specific to trophoblast cell lineages (Fig. 12).   In situ 

hybridization of E9.5 placenta with the Tpbpa probe, which is an ectoplacental cone 

marker in this stage, confirmed that HtrA1 was expressed by trophoblast lineage cells in 

the outer layer of the ectoplacental cone (Fig. 12 A and F, also see Fig. 12 G and L).   On 

the other hand, HtrA3 was expressed by decidual cells outside the ectoplacental cone (Fig. 

12 D and F, also see Fig. 12 G and L).   The HtrA1 expressing cells (see Fig. 12 G) were 

also positive for other trophoblast cell lineage markers, like Pl-I (Fig.12 H), Pl-II (Fig.12 

I), and Pl-f (Fig.12 K).  On the other hand, the HtrA3 expressing cells (Fig.12 J) were 

completely negative for those trophoblast markers.   
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    Trophoblast giant cells (TGC) demarcate the border between fetal and maternal 

tissues.  TGC is the first trophoblast cell lineage differentiated around E6.5 from the 

mural trophoectoderm.  TGC express Pl-I (Fig. 13).  The HtrA1 expressing cells in the 

capsule were negative for Pl-I, indicating that TGC do not express HtrA1 (Fig. 13 D and 

F).  
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Figure 10.  Expression of HtrA1 and HtrA3 at early stages of mouse placenta 

development.  A) HtrA1 expression in the placenta at E 7.5.  B) Magnified image of (A) 

to show HtrA1 expressing cells.  C) HtrA3 expression at E 7.5.  D) Magnified image of 

(C) to show HtrA3 expressing cells.  E) HtrA1 expression at E 8.5.  F) Magnified image 

of EPC region from (E).  G) HtrA3 expression at E 8.5.  H) Magnified image of DB 

region from (G).  DB = Decidua Basalis, EPC = Ectoplacental Cone, DC = Decidua 

Capsularis.  Insets in (A) and (E) show the results with sense control probes. Black scale 

bars=500 m. White scale bars= 250 m. Blue scale bars= 100 µm. 
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Figure 11.  HtrA3 were strongly expressed, but HtrA1 expression was diminished at 

E9.5 and E12.5.  A) HtrA1 expression at E 9.5.  B) , C) Magnified images from (A).  D) 

HtrA3 expression at E 9.5.  E), F) Magnified images from (D).  G) Expression of HtrA1 

at E10.5.  H), I) Magnified images from (G).  J) Expression of HtrA3 at E10.5.  K), L) 

Magnified images from (J).  M) HtrA1 expression at E12.5.  N) Magnified area marked 

by a box in (M).  O) HtrA3 expression at E12.5.   P) Magnified area marked by a box in 

(O) DB= Decidua Basalis, EPC= Ectoplacental Cone, DC= Decidua Capsularis.  Insets of 

(A) and (G) are showing the sense probe result at E9.5 and E10.5 respectively. Black 

scale bars=500 m. Green scale bars= 250 m. Yellow scale bars= 100 m. Blue scale 

bars= 50 µm. 
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Figure 12.  HtrA1 was expressed by the trophoblasts residing in the outer 

ectoplacental cone at E9.5.  E 9.5 placentas were analyzed by in situ hybridization using 

probes for HtrA1 (A) and HtrA3 (D), along with other trophoblast markers, Pl-I (B), Pl-II 

(C), Pl-f (E) and Tpbpa (F).   Magnified images of the junctional zone in (A) – (F) are 

shown in (G) – (L), respectively. Black scale bars=500 m. Yellow scale bars= 50 m. 



 50 

 

 

 

 

 

 

 

 

 

 

Figure 13.  Trophoblast giant cells did not express HtrA1.  Serial sections from an E 

9.5 placenta were analyzed by in situ hybridization.  A) In situ hybridization with the 

HtrA1 probe.  B) In situ hybridization with the Pl-I probe.  C), D) Magnified images of 

the boxed area in (A).  E), F) Magnified images of the boxed area in (B).  HtrA1 was not 

expressed by TGC.  Red arrows show TGC, which express Pl-I but not HtrA1. Black 

scale bars=500 m. Yellow scale bars= 100 m. Blue scale bars= 50 µm. 

 

3-5 Absence of HtrA1 and HtrA3 leads to reduction of Tpbpa
 

positive cells in the junctional zone but their increase in the 

labyrinth  

In section 3.3, I have shown that HtrA1
-/-

, HtrA3
-/-

 and HtrA1/3
-/-

 placentas 

showed a drastic decrease in SpT and GlyT in the labyrinth.  SpT and GlyT originate 

from the same precursors present in the ectoplacental cone where Tpbpa is expressed.  

Tpbpa is also a marker for SpT and GlyT.  In fact, the cells expressing Tpbpa later 

differentiate into SpT and GlyT around E9.5.  Since HtrA1 expressing cells were positive 

for Tpbpa, I next examined whether the absence of HtrA1 and HtrA3 affected Tpbpa 

positive cell lineage.  The Tpbpa expressing cells were clearly reduced in E10.5 placentas 

of all three types of the KO mice (Fig 14 B, C and D), as compared with the placenta of 
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the wild type mouse (Fig. 14 A).  

    The reduction in Tpbpa positive cells were also observed in a later stage.  

Placentas from all the KO mice showed decrease in Tpbpa positive cells at E12.5 (Fig. 

15).   

    These results strongly suggest that the defects in Tpbpa positive precursor cells 

results in the reduction of SpT and GlyT observed in the junctional zone.  

All the data obtained from conventional staining such as HE and PAS, and from 

the histomorphomteric analysis indicated abnormalities in trophoblasts differentiation and 

invasion.  Hence I conducted in situ hybridization with Tpbpa to see whether those PAS 

positive glycogen cells are originated from Tpbpa positive precursors or not.  The data 

revealed that islets like structure remained in the labyrinth at E14.5 are positive for Tpbpa 

(Fig 16 B, C and D).  
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Figure 14.  The expression of spongiotrophoblasts marker Tpbpa in E10.5 placenta 

was reduced in the absence of HtrA1 and HtrA3.  Placentas were harvested from 

HtrA+/+ (A), HtrA1
-/-

 (B), HtrA3
-/-

 (C) and HtrA1/3
-/-

 (D) mice at E10.5 and analyzed by 

in situ hybridization with the Tpbpa probe (a marker for spongiotrophoblasts).  E), F), G) 

and H) Magnified images of boxed areas in (A), (B), (C) and (D), respectively. Black 

scale bars=250 m. Yellow scale bars= 100 m. 
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Figure 15.  Decrease in Tpbpa positive cells in E12.5 placentas of HtrA1 and HtrA3 

deficient mice.  Placentas were harvested from HtrA+/+ (A), HtrA1
-/-

 (B), HtrA3
-/-

 (C) 

and HtrA1/3 
-/-

 (D) at E12.5 and analyzed by in situ hybridization using the Tpbpa probe.  

E), F), G) and H) Magnified images of the boxed areas in (A), (B), (C) and (D), 

respectively. Black scale bars=500 m. Yellow scale bars= 100 m. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16.  PAS positive islands in the labyrinth were positive for Tpbpa expression.  

Sections from placentas at E 14.5 were analyzed by in situ hybridization with the Tpbpa 

probe.  A) HtrA+/+ placenta.  B) HtrA1
-/-

  placenta.  C) HtrA3
-/-

 placenta.  D) HtrA1/3
-/-

  

placenta.  PAS positive cells were also positive for Tpbpa (red arrows). Black scale 

bars=500 m. 
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3-6  Spiral artery-associated trophoblasts are decreased and 

the maternal artery remodeling is compromised in the absence 

of HtrA and HtrA3 

In order to reveal which trophoblast subtypes were affected by deletion of HtrA1 

and HtrA3 genes, I examined E9.5 placentas from HtrA 
-/-

 and HtrA1/3
-/-

 KO mice by in 

situ hybridization with Pl-f, Pl-II, and Pl-I probes, which are commonly used for 

trophoblast subtype identification.   

    Pl-f is expressed by parietal trophoblast giant cells (P-TGCs) and spiral artery 

associated trophoblast giant cells (SpA-TGCs).  SpA-TGCs invade he decidual tissues 

and associate with maternal arteries.   In E9.5 HtrA1
-/-

 and HtrA1/3
-/-

 placentas, fewer Pl-f 

positive cells invaded the decidua (Fig. 17 E and H, F and I) as compared with the wild 

type placenta (Fig. 17 D and G).  The decrease is clearly shown in Fig. 20A which 

depicts the counting of Pl-f positive cells inside the decidua of the two KO mice and wild 

type mice.  Pl-f positive cells were frequently associated with maternal arteries in wild 

type mice, but such association was reduced in both HtrA1
-/-

 and HtrA1/3
-/-

 placentas (Fig. 

17 E and F).   The association of SpA-TGCs with maternal arteries induces remodeling of 

arteries, which results in enlargement of arterial cavity to increase the blood flow to the 

fetal placenta (Adamson et al., 2002).  I measured the luminal diameter of arteries, which 

were associated with Pl-f positive cells (Fig. 20 B).  The data showed that, even though 

some SpA-TGCs attached to maternal arteries in HtrA1
-/-

 and HtrA1/3
-/-

 placentas, the 

association was not enough to induce enlargement of the cavity.   

    SpA-TGCs express Tpbpa as well.  To confirm the results with Pl-f, I did in situ 

hybridization with the Tpbpa probe.   Fewer Tpbpa positive cells invaded the decidua and 

associated with maternal arteries in HtrA1
-/-

 and HtrA1/3
-/-

 placentas at E9.5 as compared 

with the wild type placenta (Fig. 18).   

    These defects in invasion and arterial association were also observed in the 

decidua of E12.5 KO placenta (Fig. 19).  
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Figure  17.  Fewer spiral artery related trophoblasts invaded the decidua at E 9.5.  

In situ hybridization with the Pl-f probe was carried out using sections from HtrA+/+ 

placenta (A), HtrA1
-/-

 placenta (B), and HtrA1/3 
-/-

 placenta (C).  (D) and (G) are 

magnified images of the boxed are of (A), (E) and (H) are those of (B), and  (F) and (I) 

are those of (C).  Red arrows show SpA-TGCs. Black scale bars=500 m. Yellow scale 

bars= 100 m. Blue scale bars= 50 µm. 
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Figure 18.  Fewer SpA-TGC invaded the decidua at E 9.5.  In situ hybridization with 

the Tpbpa probe was carried out using sections from HtrA+/+ placenta (A), HtrA1
-/-

 

placenta (B), and HtrA1/3 
-/-

 placenta (C).  (D), (E) and (F) are magnified images of the 

boxed are of (A), (B), and (C), respectively.  Red arrows show SpA-TGCs. Black scale 

bars=500 m. Yellow scale bars= 100 m. 
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Figure 19.  SpA-TGC was reduced in number in the decidua of HtrA1
-/-

 placenta at 

E12.5.  In situ hybridization with the Pl-f probe was carried out using sections from 

HtrA
+/+

 placenta (A) and HtrA1
-/-

 placenta (D).  (B) and (C) are the magnified images of 

the boxed are of (A), and (E) and (F) are those of (D).  Red arrows indicate SpA-TGC. 

Black scale bars=500 m. Yellow scale bars= 100 m. Blue scale bars= 50 µm. 
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Figure 20.  Reduction in the number of SpA-TGC that invaded the decidua of 

HtrA1
-/-

 and HtrA1/3
-/-

 placentas at E 9.5.  (A) The number of Pl-f-positive SpA-TGC 

invading the decidua of HtrA+/+, HtrA1
-/-

 and HtrA1/3
-/-

 placentas at E9.5 (see Fig. 15) 

was counted.  One section which had most Pl-f positive cells and five placentas for each 

genotype were analyzed.  (B) Lumen diameter of the SpA-TGC-associated arteries was 

measured. More than five arteries for one placenta and three placentas for each genotype 

were measured.  
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Figure 21.  Pl-II expressing cells increased in HtrA1
-/-

 and HtrA1/3
-/-

 mouse placentas 

at E9.5.  Sections from HtrA+/+ (A), HtrA1
-/-

 (B) and HtrA1/3
-/-

 (C) mouse placentas at 

E9.5 were analyzed by in situ hybridization using the Pl-II probe.  (D) and (G) are 

magnified images of the boxed area of (A); (E) and (H) are those of (B); (F) and (I) are 

those of (C). Black scale bars=500 m. Yellow scale bars= 100 m. Blue scale bars= 50 

µm. 
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Figure 22.  Pl-II expressing cells increased in HtrA1
-/-

 mouse placentas at E 12.5.  

Sections from HtrA+/+ (A) and HtrA1
-/-

 (B) mouse placentas at E12.5 were analyzed by 

in situ hybridization using the Pl-II probe.  (C) and (E) are magnified images of the 

boxed area of (A); (D) and (F) are those of (B). Black scale bars=500 m. Yellow scale 

bars= 100 m. Blue scale bars= 50 µm. 

 

 

3-7 Canal trophoblast giant cells are increased in the absence 

of HtrA1 and HtrA3. 

    Pl-II is expressed by canal-associated trophoblast giant cells (C-TGC) in the 

junctional zone, sinusoidal TGCs (S-TGC) in the labyrinth, and parietal TGC (P-TGC).  

As I mentioned above, Pl-II positive cells increased markedly in the junctional zone of 

HtrA1
-/-

 and HtrA1/3
-/-

 mouse placentas at E 9.5 (Fig. 21) as well as at E12.5 (Fig.  22).   

In contrast, the number of Pl-II positive cells in the labyrinth, which may be S-TGCs, did 

not differ between KO and wild type mice (Fig. 22 C and D).   
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3-8  Tpbpa positive
 
cell lineages are preferentially affected in 

the absence of HtrA1 and HtrA3. 

   So far I have described abnormal trophoblast populations in the HtrA1 and HtrA3 

KO mice, which include decrease in spongiotrophoblasts (SpTs) and glycogen 

trophoblasts (GlyTs) (those are Tpbpa positive) in the junctional zone, defects in 

migration of GlyT toward the decidua (Section 3.5), defects in invasion and arterial 

association of Pl-f/Tpbpa-positive SpA-TGC (Section 3.6), and increase in Pl-II-positive 

trophoblasts in the junctional zone (section 3.7).  A common feature of those trophoblast 

cell lineages is that they originate from Tpbpa-positive precursor (Simmons et al., 2007).    

To examine whether only Tpbpa-positive precursor-derived cells were affected in 

HtrA1
-/-

 and HtrA1/3
-/-

 placentas, I carried out in situ hybridization with the Pl-I probe.  

Pl-I is a marker for parietal trophoblast giant cells (P-TGC), which originate from both 

Tpbpa-negative and positive precursors.  In situ hybridization of E 9.5 (Fig 23) and E 

10.5 (Fig 24) placentas showed that the number and distribution of Pl-I positive cells 

were similar among HtrA1
+/+

, HtrA1
-/-

 and HtrA1/3
-/-

 mouse placentas.  This result 

suggests that Tpbpa
 
positive

 
cell lineages are preferentially affected by the loss of HtrA1 

and HtrA3. 
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Figure  23.  Expression of a primary TGC marker, PL-I, was similar among 

HtrA+/+, HtrA1
-/-

 and HtrA1/3
-/-

 mouse placentas at E9.5.  Sections from HtrA1+/+ 

(A), HtrA1
-/-

 (B) and HtrA1/3
-/-

 (C) mouse placentas at E9.5 were subjected to in situ 

hybridization using the Pl-I probe, a marker for primary trophoblast giant cells.  (D) and 

(G) are magnified images of the junctional zone (boxed area) in (A); (E) and (H) are 

those in (B); (F) and (I) are those in (C). Black scale bars=500 m. Yellow scale bars= 

100 m. Blue scale bars= 50 µm. 
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Figure 24.  Expression of a primary TGC marker, PL-I, was similar among HtrA+/+, 

HtrA1
-/-

 and HtrA1/3
-/-

 mouse placentas at E10.5.  Sections from HtrA1+/+ (A), HtrA1
-

/-
 (B) and HtrA1/3

-/-
 (C) mouse placentas at E10.5 were subjected to in situ hybridization 

using the Pl-I probe, a marker for primary trophoblast giant cells.  (D) and (G) are 

magnified images of the junctional zone (boxed area) in (A); (E) and (H) are those in (B); 

(F) and (I) are those in (C). Black scale bars=500 m. Yellow scale bars= 100 m. Blue 

scale bars= 50 µm. 
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3-9 HtrA1/3
-/-

 mouse exhibits a rise in blood pressure during 

pregnancy 

 Poor remodeling of maternal spiral artery is a prerequisite of preeclampsia with 

elevated blood pressure.  Blood pressure of HtrA+/+ mice and HtrA1/3
-/-

 mice was 

measured.  Mice from 129/B6 background were used for both HtrA+/+ and HtrA 1/3
-/-

 

genotypes.  Upon confirmation of pregnancy, female mice were separated from male and 

both wild type and KO mice were kept individually under the same conditions.  Blood 

pressure was measured from E10.5 throughout the gestational periods until two days after 

successful delivery.  The systolic and diastolic blood pressure was elevated in HtrA1/3
-/-

 

mice compared to HtrA+/+ mice (Fig 24); the systolic and diastolic blood pressure in 

HtrA1/3
-/-

 started to increase from E14.5 and showed tendency to decrease after giving 

birth. 

 

 

 

 

 

 

 

 

 

 

 

Figure 25.  Systolic and diastolic blood pressure of HtrA+/+ and HtrA1/3
-/-

 mice 

during pregnancy.   Blood pressure of pregnant HtrA+/+ and HtrA1/3
-/-

 mice were 

measured every two day from E10.5 to after delivery.  Five pregnant mice from each 

genotype were used.  Continuous lines show systolic pressure, and broken line diastolic 

pressure.  
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3-10 The level of phosphorylated Smad2 is increased in the 

placenta of HtrA1
-/-

 mouse 

HtrA1 is known to inhibit TGF- signaling.  The canonical TGF- pathway 

transduces signals through phosphorylation of cytoplasmic receptor-associated Smad 

proteins.  I examined if the absence of HtrA1 enhanced TGF- signaling.  The level of 

phosphorylated Smad2 was increased in the placentas from HtrA1
-/-

 mice placenta at E 

10.5 (Fig. 26), indicating that the TGF- signaling was increased by the absence of 

HtrA1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26.  HtrA1
-/-

 mouse placenta showed a higher level of phosphorylated Smad 2 

protein.  Extracts of placentas were prepared from HtrA+/+ and HtrA1
-/-

 mice at E10.5.  

HtrA1
-/-

 placenta shows 2-fold increase in the level of phosphorylated Smad2 compare to 

HtrA
+/+

 placenta.  Two placentas from each genotype were used for this experiment.  
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