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Abstract 

 
Oxygen is an essential element that is required to sustain life.  Oxygen is 

especially important in the maintenance of pregnancy where proper oxygen delivery to 

the fetus is crucial.  In order to study pregnancy-dependent responses, a physiological 

stressor such as hypoxia was used to exaggerate pregnancy-induced vascular remodeling, 

which induced maternal adaptive responses to protect the fetus.  In this dissertation, we 

describe studies designed to evaluate cellular and molecular mechanisms underlying 

maternal adaptations to hypoxia during the establishment of the hemochorial placenta.  

Therefore, studies focused on the effects of low oxygen tension on in vivo and in vitro 

trophoblast cell gene expression and vascularization at the maternal-fetal interface. 

Our hypothesis is that in vivo, hypobaric hypoxia, defined as a low oxygen 

environment regulated by differential gas pressure, will induce maternal and placental-

driven responses that are responsible for compensatory mechanisms facilitating oxygen 

delivery to the fetus.  We observed changes in placental gene expression, uteroplacental 

vasculature, maternal red blood cell parameters, and splenic gene expression.  The 

uteroplacental compartment was identified as a site of drastic adaptive responses, 

including alteration in the growth and patterns of gene expression in the chorioallantoic 

placenta and increases in vascularity within the uterine mesometrial compartment.  

Uterine mesometrial blood vessels were more numerous and their diameters expanded in 

animals exposed to hypoxia.  The majority of the centrally-located vessels retained 

smooth muscle actin, unlike the disappearance of smooth muscle associated with the 

uterine spiral arteries of late gestation.  Maternal hypoxia also stimulated uterine 
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mesometrial nitric oxide synthase-3 (Nos3) expression, a factor potentially contributing 

to the hypoxia-induced uterine vascular dilation.  

Collectively, these studies demonstrate the importance of various maternal and 

placental adaptive responses to hypoxia which permits proper oxygen delivery to the 

fetus allowing successful maintenance of pregnancy.  We propose that these adaptive 

mechanisms are crucial in our in vivo model of pregnancy and hypoxia and may be 

disrupted in pregnancy-associated diseases such as preeclampsia and intrauterine growth 

restriction, which are more prevalent in high altitude pregnancies.   
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Background  

Proper oxygen and nutrient supply to the fetus is necessary to sustain a successful 

pregnancy.  Oxygen is not only a fundamental element for sustaining life, but it is an 

important regulator of placental and fetal development (Zamudio 2003).  In this overview 

we focus on adaptive responses associated with rodent placentation.  For comparative 

purposes, some features of uteroplacental biology in other species, including ruminants 

and primates, are discussed.  Although species differences exist, the similarities are 

striking and represent the emphasis of this overview.   

 

Placentation 

The placenta is responsible for nutrient and gas exchange, communication 

between the mother and fetus, and in coordinating adaptations to changes in the maternal-

fetal environment.  Trophoblast cells are the epithelial component of the placenta.  In 

humans and rodents, hemochorial placentation is established where maternal blood 

directly bathes trophoblast cells, which are in apposition to the fetal vasculature (Rossant 

and Cross 2002).  The uteroplacental compartment of the rat and mouse resemble each 

other and share some common features with other species possessing hemochorial 

placentation (Georgiades et al. 2002; Rossant and Cross 2002).  Schematic 

representations of the rat uteroplacental compartment at midgestation and late gestation 

are presented in Fig. 1.  

Orientation of the uteroplacental compartment is determined by the site where 

blood enters the uterus, or the mesometrial region.  On the opposite end is the anti-

mesometrial region.  The uterine mesometrial area consists of stromal cells, trophoblast 
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cells, blood vessels (endothelial cells and smooth muscle cells), immune/inflammatory 

cells (natural killer cells and macrophages), and smooth muscle cells of the myometrium 

(Ain et al. 2005).  The cellular composition is gestation-stage dependent and species-

specific.  Decidual cells are derived from uterine stromal cells whose function is 

dependent on their location (De Feo 1967; Bell 1983).  Vascular remodeling occurs in the 

mesometrial decidua while elaboration of cytokines such as members of the prolactin 

(PRL) family appears in the antimesometrial decidua (Orwig et al. 1997b).  Between the 

mesometrial decidua and the uterine surface exists a triangular shaped region rich in 

blood vessels (Selye and McKeown 1935; Peel 1989).  This region has been referred to as 

the mesometrial triangle or the metrial gland (Ain and Soares 2004).   

 

The chorioallantoic placenta develops from trophoblast stem cells present in the 

ectoplacental cone and generates the labyrinth and junctional zones.  The labyrinth zone 

arises from the interaction of allantoic mesoderm with the trophoblast stem cell 

population (Downs 2002).  This interaction results in trophoblast syncytialization and 

establishment of the barrier for maternal-fetal exchange (Rossant and Cross 2002).  

Appearance of endocrinologically active trophoblast giant cells in the labyrinth occurs 

after establishment of the barrier.  In the junctional zone, trophoblast stem cells can 

differentiate into trophoblast giant cells, spongiotrophoblast cells, glycogen cells, or 

invasive trophoblast cells. The major endocrine cells of the rat and mouse placenta are 

the trophoblast giant cells, spongiotrophoblast, and invasive trophoblast cells.  

Trophoblast giant cells arise by endoreduplication and are situated at the maternal–

placental interface (Soares et al. 1996).  As a major endocrine cell of the placenta, 
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trophoblast giant cells synthesize and secrete steroid and peptide hormones (Soares et al. 

1996).  Spongiotrophoblast cells are located immediately beneath the trophoblast giant 

cell layer and synthesize and secrete peptide hormones (Ain et al. 2005).  Invasive 

trophoblasts have been categorized into three groups including endovascular trophoblast 

cells that replace endothelium, intramural trophoblast cells which are embedded in the 

vascular wall, and interstitial trophoblast cells that are located in between the vasculature 

(Kaufman et al. 2003).  These cells are proposed to orchestrate some of the gestation-

dependent modifications in the uterine mesometrial vasculature that permit increased 

blood flow to the placenta and fetus.  An elaborate arterial-venous network is established 

that supplies the placenta.  As gestation progresses, small uterine spiral arteries supplying 

the placenta are modified creating flaccid, low resistance blood vessels (Takemori et al. 

1984, 1985; Christofferson 1993; Adamson et al. 2002; Pijnenborg et al. 2006). 

 

Rcho-1 Trophoblast Cell Model  

An in vitro model system has been developed for studying trophoblast giant cell 

differentiation.  This in vitro system is referred to as the Rcho-1 trophoblast cell model.  

The Rcho-1 trophoblast cell line was established from a transplantable choriocarcinoma 

(Teshima et al. 1983; Faria and Soares 1991).  Rcho-1 trophoblast cells can proliferate or 

can be induced to differentiate depending on culture conditions (Faria and Soares 1991; 

Hamlin et al. 1994; Yamamoto et al. 1994; Peters et al. 2000).  Differentiation of Rcho-1 

trophoblast cells is restricted to the trophoblast giant cell lineage and includes 

upregulation of peptide and steroid hormones (Faria and Soares 1991; Soares et al. 1996). 
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Physiological Adaptations to Pregnancy   

 Physiological adaptations to pregnancy occur throughout gestation.  In terms of 

the cardiovascular system, blood volume increases up to 45% above non-pregnant values 

(Pritchard 1965, Lund and Donovan 1967, Atherton et al 1982).  The mechanism for the 

pregnancy-dependent increase in blood volume involves nitric oxide (NO) induced 

vasodilation which stimulates the renin-angiotensin-aldosterone system leading to sodium 

and water retention (Monga 1994).  Red blood cell mass rises by 20%-30% by term, via 

increased production, but plasma volume increases disproportionately to red blood cell 

mass which leads to hemodilution leading to a fall in hematocrit levels throughout 

pregnancy in the human, rat, and mouse (Monga 1994, De Rijk et al. 2002, Wong et al. 

2002).  This red blood cell increase has been attributed to placental-derived hormones 

(Jepson 1968).  Erythrocyte 2,3-diphosphoglycerate concentrations rise, which lowers 

maternal hemoglobin’s affinity for oxygen, thus facilitating oxygen-hemoglobin 

dissociation and enhancing oxygen delivery to the fetus (Bille-Brahe and Rørth 1979).  

During pregnancy, cardiac output is enhanced by 30% to 50% in the human, rat, and 

mouse (Bader et al. 1955, Gilson et al.1997, Wong et al. 2002).  Maternal heart rate 

gradually rises while peripheral vascular resistance decreases through the course of 

human and mouse pregnancy (Robson et al. 1989, Wong et al. 2002).  Systolic and 

diastolic arterial blood pressures show a modest decrease early in human and mouse 

pregnancy where it rises close to term (Capeless and Clapp 1989, Wong et al. 1992).  

This is in contrast to a study finding no significant difference in maternal heart or blood 

pressure during any stage of gestation in the pregnant rat (Atherton et al. 1982).  Renal 

blood flow increases by 70% (Thornburg et al. 2000).  Basal oxygen consumption 
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increases where maximal consumption is seen in the uterus, heart, respiratory system, 

kidney, and breast (Metcalfe et al. 1986).  An especially important physiological 

adaptation to pregnancy is a ten-fold increase in uterine blood flow (Gant and Worley 

1989).   

 

Operational Definitions of Hypoxia and Normoxia 

 It is essential that we make a few comments about the use of two terms which 

describe oxygen state:  i) hypoxia and ii) normoxia.  Use of the terms has not always been 

consistent.  Most investigators would agree that hypoxia refers to a state of “low” 

oxygen, while normoxia refers to the “normal” condition of oxygen availability.  Hypoxia 

can be effectively used to describe oxygen states relative to some normative value or 

alternatively it can be restricted to describing a state that evokes specific cellular 

responses (e.g. stabilization of hypoxia inducible factor and activation of hypoxia 

inducible genes; Bruick 2003; Semenza 2004; Schumacker 2005).  Normoxia is an 

especially problematic descriptor.  For example, during the normal course of pregnancy, 

PO2 levels within the uterus change dramatically (Zamudio 2003).  Early pregnancy is 

characterized by low oxygen, whereas higher intrauterine oxygen levels are evident 

following establishment of the hemochorial placenta.  Thus, normoxia could be 

appropriately used to describe various physiological oxygen states.  The term normoxia is 

confusing when describing in vitro experimentation.  Most cell culture is performed at 

ambient oxygen concentrations (21%), which is often referred to as normoxia.  Such an 

oxygen concentration is convenient but it is not physiologically relevant and certainly 

does not reflect a normoxic environment for any cell developing in utero.           
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Cellular Responses to Hypoxia 

 Low oxygen tension serves as a cellular trigger to alter metabolism and enhance 

mechanisms to promote the delivery of oxygen.  Central to the cellular response to 

hypoxia is a transcription factor complex referred to as hypoxia inducible factor (HIF; 

Bruick 2003; Semenza 2004; Schumacker 2005).  HIF is comprised of two subunits:  an 

α regulatory subunit sensitive to oxygen and a constitutively expressed oxygen 

insensitive β-subunit also referred to as aryl hydrocarbon receptor translocator (ARNT).  

The mammalian genome contains three α subunit genes (HIF1α, HIF2α, HIF3α).  HIF1α 

possesses the broadest tissue distribution and is the most thoroughly studied.  Oxygen 

regulates the availability of the HIF1α protein. Under oxygen replete conditions HIF1α 

becomes hydroxylated on prolyl residues facilitating its association with the von-Hippel-

Lindau (VHL) protein, leading to its ubiquitination and subsequent proteasome-mediated 

degradation.  During conditions of low oxygen, the HIF1α protein is stabilized allowing it 

to interact with HIF1β and appropriate coactivators (CBP, p300), and bind to hypoxia 

response elements (HREs) associated with target genes encoding proteins regulating 

adaptations to hypoxia.  A summary of the HIF signaling pathway is provided in Fig. 2.  

Additional details of the cellular response to hypoxia can be found elsewhere (Bruick 

2003; Semenza 2004; Schumacker 2005). 

 

Physiological Adaptations to Hypoxia 

Oxygen homeostasis is essential to maintain life.  Cells and organisms have 

developed physiological responses to hypoxia in order to sense and react to alterations in 

oxygen concentrations.  Oxygen delivery is attained by a complex system involving 
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oxygen entry into the body via the lungs, where oxygen is taken up by erythrocytes in the 

blood, and transported through the body via the vasculature system, which is driven by 

the heart (Michiels 2004).  The cardiovascular and respiratory systems sense changes in 

oxygen levels through specific chemoreceptors, carotid bodies in the arterial circulation 

and neuroepithelial bodies in the airway, and respond accordingly.  Ventilation and 

cardiac output are increased, while peripheral blood vessels dilate and pulmonary 

vasculature undergoes vasoconstriction (Yuan et al. 1990).   

 

Another important site for cellular adaptation to hypoxia is the regulation of ATP.  

This involves regulating cellular metabolism via increasing anaerobic glycolysis and 

decreasing energy-consuming processes such as protein synthesis and active transport 

processes (Boutilier 2001).  Many of the molecular responses are driven by the HIF 

signaling pathway and include increased glycolytic capacity, hemoglobin-oxygen 

carrying capacity, and capillary blood flow (Michiels 2004). 

  

Oxygen and Regulation of Placentation during Normal Development 

 Oxygen as a signal for placentation 

 Oxygen concentrations at the site of embryo implantation and during the 

formation of the placenta are low (Rodesch et al. 1992; Fischer and Bavister 1993; 

Jauniaux et al. 2001). Once hemochorial placentation is established then oxygenated 

blood flowing into the uterus elevates the oxygen tension within the placenta.  Placental 

oxygen measurements during the first 10 weeks of human pregnancy are reported to be 

less than 20 mmHg (approximately 1-2% O2) but increase to about 60 mmHg 
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(approximately 8% O2) during the second trimester of gestation (Rodesch et al. 1992; 

Jauniaux et al. 2001).  Comparable measurements have not been reported in rodents.  The 

low oxygen concentrations during placentation are seen as a stimulus for placentation 

(Fryer and Simon 2006), not unlike the role of tissue hypoxia in solid tumor growth 

(Harris 2002; Gruber and Simon 2006).  Local oxygen concentrations during critical 

phases of placentation may dictate the extent of uterine vascular remodeling and the 

development of the placental-fetal vascular nutrient delivery system.    

 

 HIFs and placentation   

 Insights about the role of oxygen as an intrinsic regulator of placentation have 

been derived from mutagenesis of the mouse genome.  Phenotypes of mice with null 

mutations for several genes in the HIF signaling pathway are associated with failures in 

placentation, including the HIF1α, HIF2α, HIF1β, prolyl hydroxylase domain protein 2 

(Phd2), and VHL genes (Gnarra et al. 1997; Kozak et al. 1997; Adelman et al. 2000; 

Cowden Dahl et al. 2005a; Takeda et al. 2006).  HIF1β null mice exhibit a defect in 

placentation that leads to prenatal lethality (Adelman et al. 2000; Cowden Dahl et al. 

2005a).  Specifically there is a failure in maturation of the chorioallantoic placenta at 

both maternal and fetal interfaces, resulting in impairments of nutrient delivery.  Similar 

placentation defects have been observed with embryos possessing null mutations for both 

HIF1α and HIF2α (Cowden Dahl et al. 2005a).  The Phd2 null mutation, a protein 

involved in degradation of HIF1α, disrupts placentation and is associated with decreased 

labyrinthine branching morphogenesis, widespread penetration of the labyrinth by 

spongiotrophoblast cells, and abnormal distributions of trophoblast giant cells (Takeda et 
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al. 2006). Inactivation of the VHL gene leads to failures at the placental-fetal interface 

(Gnarra et al. 1997).  The labyrinth zone fails to vascularize and trophoblast cells within 

the labyrinth do not properly differentiate resulting in a midgestation lethality.   

 

Experimental Manipulation of Oxygen and Placental Development 

In vivo strategies 

  Experimental oxygen manipulation in chambers.  In vivo responses to maternal 

hypoxia are complex. Experimental exposure of pregnant rats or mice to hypoxic 

environments can impact placental and fetal development and gene expression profiles 

(Nelson et al.1975; Bacon et al. 1984; De Grauw et al. 1986; Faridy et al. 1988; 

Sakuragawa et al. 1988; Tapanainen et al. 1994, 1997; Lueder et al. 1995; Schwartz et al. 

1998; Huang et al. 2004).  The specific effects are dependent upon the magnitude, 

duration, and the gestational timing of the hypoxia.  Less severe exposure to maternal 

hypoxia results in successful adaptations, whereas more severe exposure leads to 

impaired fetal glucose utilization, intrauterine fetal growth restriction, and sometimes 

pregnancy failure. Specific actions of maternal hypoxia on the uteroplacental vasculature 

in the rat or mouse have not been reported.   

Hypobaric hypoxia. Exposing pregnant mice and rats to chronic hypoxia can be 

achieved with hypobaric chambers (Ho-Chen et al. 2006).  It is essential to use valid 

controls in maternal hypoxia experiments.  Exposure to low oxygen decreases food intake 

and subsequent body weight gains during pregnancy.  Controls used for these 

experiments include ad libitum fed and pair-fed animals.  Pregnant rats and mice can be 

exposed to an equivalent of 10% to 14% oxygen where the barometric pressure is 
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approximately 380-520 mmHg, which results in inspired PO2 of 70-100 Torr.  The 

magnitude of oxygen depletion, length of exposure, and gestational time period of 

exposure, determine the outcome of maternal hypoxia.   

Altitude.  Exposing animals to hypoxia by moving them to high altitude can also 

be implemented for long-term exposure to hypoxia.  Studies at high altitude have 

revealed the sensitivity of pregnancy to oxygen.  Blood vessel development is stimulated 

by low oxygen tension, which results in increased vascularity (Tissot van Patot et al. 

2003; Tissot van Patot et al. 2004).  There have also been several reports indicating 

reduced uterine blood flow, intrauterine growth restriction (IUGR), and preeclampsia at 

an elevation of 2500 m (8000 ft) and above (Zamudio 2003; Moore 2003; Moore et al. 

2004).  Presumably, in these subjects adaptations were not sufficient to overcome 

altitude-associated hypoxia.  These studies mainly focused on high altitude cities where 

migration was recent, within three generations.  There are other populations, such as in 

the Andes or Tibet, which are referred to as altitude-adaptive natives.  These individuals 

are derived from ancestral populations that lived at high altitude for thousands of years 

and have evolved specialized adaptations for reproducing at high altitude (Hochachka 

and Rupert 2003; Beall et al. 2004).   

 

In Vitro Strategies 

Placental explants, primary trophoblast cell cultures, or trophoblast cell lines can 

be placed into environments controlled by mixing various gases.  O2 concentrations can 

be manipulated to expose the cells to a lower amount of oxygen compared to the 21% 

oxygen level that they are normally cultured at or it can be used to simulate 
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physiologically relevant oxygen levels.  Under in vitro conditions, low oxygen affects the 

growth and differentiation of trophoblast cells (Alsat et al. 1996; Genbacev et al. 1997, 

2001; Nelson et al. 1999; Adelman et al. 2000; Caniggia et al. 2000; Jiang et al. 2000; 

Gultice et al. 2006; James et al. 2006). Depending upon the in vitro experimental design, 

low oxygen has been shown to be both an activator and inhibitor of trophoblast invasion 

(James et al. 2006).   

 

The PRL Family as Regulators of Pregnancy-Dependent Adaptations 

The PRL family 

PRL is a hormone/cytokine that has a diverse array of roles in many physiological 

processes.  PRL can function as a hormone by entering the circulation and affecting 

distant targets or as cytokine acting locally in a juxtacrine, paracrine, and autocrine 

manner.  PRL has been shown to function in metabolism, reproduction, behavior, and 

immune regulation (Soares 2004).  In some species the PRL gene locus has expanded and 

consists of a cluster of related genes encoding a family of proteins related to PRL (Table 

1 and Fig. 3).  The rat, mouse, and cow possess an expanded PRL gene family (Soares 

2004).  The gene locus of the human and dog only have a single gene (PRL) within the 

PRL locus (Soares 2004; Soares et al. 2007).     

 

In the rat and mouse, trophoblast giant cells, spongiotrophoblast cells, and 

invasive trophoblast cells (the endocrine cells of the placenta), along with lactotrophs of 

the anterior pituitary, and decidual cells of the uterus, contribute to the production of the 

PRL family proteins (Soares and Linzer 2001; Soares 2004; Soares et al. 2007).  They are 
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termed placental lactogens (PLs), PRL-like proteins (PLPs), PRL-related proteins (PRPs), 

proliferin (PLF), and PLF-related protein (PLF-RP).  There are 23 genes in the mouse 

and at least 24 known genes in the rat (Soares et al. 2007).   

 

Genes encoding these proteins are located on chromosome 13 in the mouse and 

chromosome 17 in the rat (Wiemers et al. 2003; Alam et al. 2006).  PRL family members 

with more similar structures tend to be clustered together (Soares et al. 2007).  Another 

feature of the PRL family is that the proteins generated have a signal peptide that permits 

secretion and contain cysteine residues important for proper conformation (Soares 2004). 

 

The PRL family displays biological activities that are either classical or 

nonclassical.  Classical members use the PRL receptor for signaling and include PRL and 

PLs (Soares 2004; Soares et al. 2007).  Nonclassical members use signaling pathways 

other than the PRL receptor to regulate cellular processes.  Research on nonclassical PRL 

family members is limited.  The expanded PRL family has been implicated in various 

physiological roles and more studies need to be done to understand their importance in 

reproduction and viviparity.      

 

The PRL Family as Regulators of Responses to Physiological Stressors 

 Evidence is emerging that the PRL family of hormones and cytokines participates 

in the regulation of adaptations to physiological stressors.  The most convincing data 

have been generated with four lines of mutant mice:  one possessing a null mutation in 

the PRL gene (Horseman et al. 1997), the second a null mutation in the PLP-A gene (Ain 
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et al. 2004), the third a null mutation in the dPRP gene (Alam et al. 2007), and the fourth 

a gain of function mutation resulting in the constitutive expression of PLP-E (Zhou et al. 

2005).  Experiments with PRL deficient mice have led to the conclusion that PRL is a 

critical regulator of immune system adaptations to stress (Dorshkind and Horseman 2001; 

Dugan et al. 2002, 2004).  Although PRL signaling is not essential to the development of 

the immune system (Horseman et al. 1997; Bouchard et al. 1999), it is pivotal for the 

regulation of myelopoietic responses to a stress event (Dugan et al. 2002). 

Complementary insights have been achieved with the PLP-A and dPRP deficient mice.  

The PLP-A and dPRP genes appear to be dispensable when mice are maintained under 

standard animal husbandry conditions.  However, when pregnant PLP-A null mice or 

dPRP null mice are challenged by exposure to hypoxia they are not able to adapt and 

their pregnancies fail (Ain et al. 2004; Alam et al. 2007). Pregnancies failed because of 

inadequate placentation.  The final supporting evidence comes from the demonstration 

that mice constitutively expressing PLP-E recover faster from chemically-induced 

thrombocytopenia and neutropenia than do control mice (Zhou et al. 2005). Thus, at least 

four members of the PRL family contribute to homeostatic responses to environmental 

insults.  The involvement of other members of the PRL family in adaptive responses to 

physiological stressors remains to be determined.      

 

PLP-E/F subfamily and hematopoiesis   

One member of the PRL family, PLP-E, has been shown to stimulate 

hematopoiesis.  PLP-E stimulates megakaryocyte (MK) differentiation in primary mouse 

bone marrow cultures and acts synergistically with interleukin-3, a cytokine that 
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stimulates proliferation of MK cell precursors, to enhance colony forming unit-MK 

proliferation (Lin and Linzer 1999).  PLP-E also acts on other hematopoietic lineages.  

PLP-E stimulates formation of granulocyte/macrophage cell colonies without the 

assistance of other cytokines in bone marrow (Lin et al. 2000) and stimulates the 

proliferation and differentiation of erythroid cell lines (Bittorf et al. 2000).  PLP-E is 

expressed by trophoblast giant cells of the placenta (Lin et al. 1997; Müller et al. 1998) 

and can be induced in the bone marrow in response to thrombocytopenia, a condition of 

low platelet number (Bhattacharyya et al. 2002).  Furthermore, PLP-E can restore platelet 

levels in thrombocytopenic mice, which identifies PLP-E as a physiological regulator of 

blood platelet levels (Bhattacharyya et al. 2002; Zhou et al. 2005).  In terms of 

intracellular signaling, PLP-E is likely to use the Janus Kinase/Signal Transducer and 

Activator of Transcription (JAK/STAT) pathway.  PLP-E induces STAT5 activation and 

has been shown to act in a similar manner as the IL-6 family of cytokines by using the 

co-receptor gp130 for signal transduction (Lin and Linzer 1999; Bittorf et al. 2000).  The 

rat possesses genes with homology to PLP-E (Sahgal et al. 2000).   

 

Nitric Oxide Synthase 3 as a Regulator of Pregnancy-Dependent Adaptations  

 Nitric oxide synthases (NOS) 

The first observation of a vasorelaxant factor of vascular smooth muscle produced 

from endothelial cells was in 1980 by Furchgott and Zawadski (Furchgott and Zawadzki 

1980).  This molecule’s identity, as nitric oxide (NO), was discovered in 1987 by Palmer, 

Ferrige, and Moncada (Palmer et al. 1987).  NO is produced during the conversion of L-

arginine to L-citrullene by the enzyme nitric oxide synthase (NOS).  There are three 
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isoforms of NOS:  NOS1 (neuronal), NOS2 (inducible), and NOS3 (endothelial).  NO has 

a prominent role as a vasoactive factor that stimulates vasodilation through activation of a 

cyclic guanosine monophosphate (cGMP) cascade involving soluble guanylate cyclase, 

cGMP, and cGMP kinase (Murad 2004).  NO has other functions in the vessel wall which 

include inhibition of vascular smooth muscle cell proliferation, platelet aggregation, 

adhesion molecule expression, and lipid oxidation (Garg and Hassid 1989; Alheid et al. 

1987; Kubes et al. 1991; Palmer et al. 1987).  Small changes in NO levels have 

significant physiological effects (Searles 2006).  In particular, the dose response curve to 

NO in vasorelaxation is steep, so small changes in NO concentration may induce drastic 

changes in vascular tone (Myers et al. 1990; Sellke et al. 1990). 

  

Nitric Oxide Synthase 3 (NOS3) 

Nos3 was first cloned in the bovine and human in 1992 (Lamas et al. 1992, 

Marsdin et al., 1992; Nishida et al. 1992).  Nos3 is localized to the endothelium, brain, 

and heart (Murad 2004).  There are various stimuli that have been shown to regulate Nos3 

mRNA expression including shear stress, cell growth, hypoxia, estrogen, protein kinase 

C, and statins.  As indicated, Nos3 mRNA and NOS3 protein expression are responsive to 

hypoxia.  However, the nature of the response to hypoxia shows a full range of variation 

(stimulation to inhibition) and is probably dependent upon specific experimental 

conditions (Le Cras et al. 1996; Phelan and Faller 1996; Toporsian et al. 2000; Hoffmann 

et al. 2001; Coulet et al. 2003). Modulation of Nos3 expression involves transcriptional, 

posttranscriptional, and posttranslational regulation (Searles 2006).  NOS activity 

depends on the expression levels of Nos3 mRNA and NOS3 protein, NOS3 substrates 
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and cofactors, phosphorylation status of NOS3, and presence of reactive oxygen species 

(Wilcox et al. 1997; Stuehr 1999; Dimmeler et al. 1999; Mount et al. 2007; Rubanyi and 

Vanhoutte 1986). 

 

NOS3 and pregnancy.  NOS3 has been established as a key factor in blood vessel 

biology.  Its presence in the female reproductive tract in numerous species has 

demonstrated its importance in pregnancy.  Reports of Nos3 mRNA expression in the rat 

placenta (Takizawa et al. 2002) and NOS3 protein expression in the human, rhesus 

monkey, baboon, sheep, guinea pig, and rat have been published (Zarlingo et al. 1997).  

Within the placenta the NOS3 protein has been localized to trophoblast cells and/or 

endothelial cells.  NOS3 protein is also expressed in epithelial and endothelial cells of the 

endometrium of the rat and human (Cameron and Campbell 1998; Ota et al. 1998).   

 

Nos3 mRNA and NOS3 protein expression levels are upregulated in uterine artery 

endothelium during pregnancy in sheep and humans (Magness et al. 1997; Nelson et al. 

2000).  NOS3 activity is elevated in uterine artery homogenates during pregnancy 

compared to non-pregnant sheep and humans (Magness et al. 1996; Nelson et al. 2000).  

Consistent with these findings, plasma levels of the metabolites of NO, nitrates and 

nitrites, are increased in pregnant rats and humans (Conrad et al. 1993; Nobunaga et al. 

1996).  NOS3 has been implicated as a regulator of human placental vascular tone 

(Hemmings et al. 2006).  Furthermore, NO induces dilation of the uteroplacental arteries 

during gestation in the guinea pig (Nanaev et al. 1995).   
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The significance of NOS in pregnancy is apparent in that its inhibition or absence 

leads to deleterious affects on the vascular system.  Inhibition of NOS in pregnant 

animals leads to pre-eclampsia-like biological responses, including decreased uterine 

blood flow, hypertension, proteinuria, and IUGR (Podjarny et al. 1997, 1999; Khalil et al. 

1998; Bird et al. 2003).  Nos3 deficient mouse pregnancies are characterized by IUGR, 

decreased survival, increased limb abnormalities, and increased blood pressure (Hefler et 

al. 2001b).   

 

Adaptations to Hypoxia and Diseases of Pregnancy 

During normal gestation, uterine vasculature undergoes remodeling in order to 

increase uterine blood flow to the developing fetus. Uterine spiral arteries undergo a 

pregnancy-specific modification in the rat, mouse, and human (Ain et al. 2003; 

Caluwaerts et al. 2005; Pijnenborg et al. 2006; Vercruysee et al. 2006; Adamson et al. 

2002; Lyall 2005). This process involves replacement of the endothelium with invasive 

trophoblast cells and modification of the vascular smooth muscle. Invasive trophoblast 

cells are proposed to be involved in coordinating these vascular remodeling associated 

events.  Specific factors have been speculated to be responsible for these remodeling 

events.  One study focuses on the dependence of trophoblast expression of cell adhesion 

molecules where there is reduced expression of E-cadherin and increased expression of 

VE-(endothelial) cadherin, platelet-endothelial adhesion molecule-1 (PECAM-1), 

vascular endothelial adhesion molecule (VECAM-1), and α4-integrins which are 

necessary for proper endovascular invasion (Zhou et al. 1997a,1997b).  Another 

hypothesis is that maternal endothelial E- and P-selectins are responsible for maternal and 
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fetal cell interaction which enables trophoblast targeting to the uteroplacental vessel 

lumen (Burrows et al. 1994).  Guinea pig studies have identified the importance of nitric 

oxide synthase expression by interstitial trophoblast cells for dilation of uteroplacental 

arteries (Nanaev et al 1995).  A fas-ligand dependent mechanism has been suggested to 

be involved in this uterine spiral artery remodeling (Ashton et al. 2005; Harris et al. 

2006).   

 

Uterine vascular remodeling accompanying placentation is essential for the 

normal delivery of nutrients to the fetus.  Defects in uterine vascular remodeling can 

result from a number of different disease processes, including preeclampsia, diabetes, 

chronic hypertension, maternal drug abuse, etc (Redman and Sargent 2005; Yuan et al. 

2005; Pijnenborg et al. 2006).  Deficiencies in uterine vascular remodeling lead to 

impaired placental function, nutrient delivery, and fetal hypoxemia (Roberts and Lain 

2002; Gagnon 2003; Yuan et al. 2005; Pijnenborg et al. 2006).  Disrupted oxygen 

delivery to the fetus impairs somatic growth and brain development and can result in fetal 

compromise (Gagnon 2003; Moore 2003).  Thus, understanding the regulation of uterine 

vascular remodeling is critical to gaining insights into one of the major causes of fetal 

hypoxemia. 

 

Rat and Mouse as Model Systems for Studying the Biology of Pregnancy 

 The use of animal model systems provides an essential tool for dissecting 

molecular mechanisms controlling cellular development. The maternal-fetal interface is 

no exception.  The rat, mouse, and human all possess hemochorial placentation. The 
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premise of employing any animal model system is that if the process being studied is 

fundamental it will likely demonstrate conservation across species.  Although, there are 

some differences in the organization of the rodent versus the primate maternal-fetal 

interface, overriding similarities in the lineages of cells comprising the maternal-fetal 

interface and their function exist.   

 

The rat and mouse are ideal models for studying pregnancy-dependent adaptations 

to hypoxia.  Experimental manipulations, such as the timing of pregnancy and exposure 

to hypoxia can be controlled.  Additionally, the use of both species provides opportunities 

for studying the genetic control of regulatory mechanisms.   

 

  If we can understand and appreciate biological processes at the maternal-fetal 

interface in species that can be experimentally manipulated (e.g. rat and mouse), then we 

can more intelligently study the development of the human maternal-fetal interface and 

identify pivotal junctures of cellular control, facilitating diagnosis and therapeutic 

intervention.   
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FIGURES AND TABLES 

 

Table 1.  Mouse and Rat Prolactin Families 

PRL family membera Symbols 
Mouse 
GenBank 
Accession No.  

Rat GenBank 
Accession No. 

Major Tissue Source(s) 

Prolactin PRL  NM_011164 NM_012629 Anterior pituitary, decidua
Placental lactogen-Iα PL-Iα; Csh1 AF525162 NM_017363 Trophoblast 
Placental lactogen-Iβ PL-Iβ; Plib NM_172155 DQ329283 Trophoblast 
Placental lactogen-Iγ PL-Iγ; Plig NM_172156 ---b Trophoblast 
PRL-like protein-J PLP-J; Prlpi NM_013766 NM_031316 Decidua 
Placental lactogen-II PL-II, Csh2 M14647 NM_012535 Trophoblast 
PRL-like protein-I PLP-I AF525154 NM_153736 Trophoblast 
PRL-like protein-B PLP-B; Prlpb NM_011166 M31155 Decidua, trophoblast 
Decidual PRL-related protein dPRP, Dtprp NM_010088 NM_022846 Decidua 
PRL-like protein-K PLP-K; Prlpk NM_025532 NM_138861 Trophoblast 
PRL-like protein-D PLP-D; Prlpd ---b NM_022537 Trophoblast 
PRL-like protein-Cv PLP-Cv --- NM_020079 Trophoblast 
PRL-like protein-C PLP-C, Prlpc --- M76537 Trophoblast 
PRL-like protein-H PLP-H, Prlph --- NM_021580 Trophoblast 
Placental lactogen-I variant PL-Iv, Csh1l1 --- NM_033233 Trophoblast 
PRL-like protein-Cγ PLP-Cγ, Prlpc3 NM_023741 --- Trophoblast 
PRL-like protein-Cβ PLP-Cβ, Prlpc2 NM_023332 NM_134385 Trophoblast 
PRL-like protein-Cδ PLP-Cδ, Prlpc4 NM_028477 --- Trophoblast 
PRL-like protein-Cα PLP-Cα, Prlpc1 NM_011167 --- Trophoblast 
PRL-like protein-N PLP-N; Prlpn NM_029355 NM_153738 Trophoblast 
PRL-like protein-E PLP-E; Prlpe NM_008930 --- Trophoblast 
PRL-like protein-F PLP-F; Prlpf NM_011168 --- Trophoblast 
PRL-like protein-Fβ PLP-Fβ --- AY741310 Trophoblast 
PRL-like protein-Fα PLP-Fα --- NM_022530 Trophoblast 
PRL-like protein-O PLP-O; Prlpo NM_026206 --- Trophoblast 
Proliferin-related protein PLF-RP NM_011120 NM_053364 Trophoblast 
Proliferin-1 PLF1 NM_031191 --- Trophoblast 
Proliferin-2 PLF2 K03235 --- Trophoblast 
Proliferin-3 PLF3; Mrp3 NM_011954 --- Trophoblast 
Proliferin-4 PLF4; Mrp4 AF128884 --- Trophoblast 
PRL-like protein-M PLP-M; Prlpm NM_019991 NM_053791 Trophoblast 
Proliferin PLF --- DQ329281 Trophoblast 
PRL-like protein-A PLP-A; Prlpa NM_011165 NM_017036 Trophoblast 
PRL-like protein-L PLP-L; Prlpl NM_023746 NM_138527 Trophoblast 
PRL-like protein-P PLP-P; Prlpp  --- DQ329280 Trophoblast 

aMembers of the mouse and rat prolactin families are listed in the order of their positioning within 
the prolactin family locus (Wiemers et al. 2003; Alam et al. 2006).  
bIndicates that an ortholog has not been identified. 
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Fig. 1.  Schematic representations of mid and late gestation uteroplacental 

compartments.  (A)  Hematoxylin and eosin-stained tissue section of the midgestation 

rat uteroplacental compartment (Left panel; day 11 of gestation) and a corresponding 

schematic diagram (Right panel). (B) Hematoxylin and eosin-stained tissue section of the 

late gestation rat uteroplacental compartment (Left panel; day 18 of gestation) and a 

corresponding schematic diagram (Right panel) with highlighted expanded views of the 

labyrinth and junctional zones (Lower panels).     
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Fig. 1 
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Fig. 2.  HIF signaling pathway.  HIF is comprised of two subunits:  an α regulatory 

subunit sensitive to oxygen and a constitutively expressed oxygen insensitive β-subunit 

also referred to as aryl hydrocarbon receptor translocator (ARNT).  Oxygen regulates the 

availability of the HIF1α protein. Under oxygen replete conditions HIF1α becomes 

hydroxylated on prolyl residues facilitating its association with the von-Hippel-Lindau 

(VHL) protein, leading to its ubiquitination and subsequent proteasome-mediated 

degradation.  During conditions of low oxygen, the HIF1α protein is stabilized allowing it 

to interact with HIF1β and appropriate coactivators (CBP, p300), and bind to hypoxia 

regulatory elements (HREs) associated with target genes encoding proteins regulating 

adaptations to hypoxia.   
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Fig. 3. Phylogenetic analysis of the PRL family in the mouse (Mus musculus), rat 

(Rattus norvegicus), cow (Bos taurus), human (Homo sapiens), and dog (Canis 

familiaris).  Multiple amino acid sequence alignments and phylogenetic tree construction 

were performed.  PRL orthologs from mouse, rat, cow, human, and dog are shaded in 

purple. The mouse, rat, and cow each possess expanded PRL families.  The PRL families 

of the mouse and rat are largely orthologous (shaded in blue), in contrast to the bovine 

family (shaded in orange), which appears to have evolved independently.  See Table 1 for 

abbreviations of the rat and mouse PRL families.  Other abbreviations:  bPRP, bovine 

PRL-related protein. 
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Fig. 3 
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Specific Aims 
 
The following specific aims address the major objectives of this study: 
 
 
 
Specific Aim 1: To elucidate the effect of restricted oxygen tension during early 

gestation on changes in placental gene expression.  

 

Specific Aim 2: To examine the mechanisms underlying hypoxia-induced changes in 

vascularity at the maternal-fetal interface during early gestation.  

 

Specific Aim 3: To determine the effects of hypoxia on pregnancy outcomes and 

vascularity late in gestation. 
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In this chapter, we describe a simple in vivo model that allows induction of 

maternal adaptive responses to hypoxia, sparing the fetus from intrauterine growth 

restriction (IUGR).  In this model, pregnant rats or mice were exposed to hypobaric 

hypoxia, which activates placental and maternal adaptations.   

 

Materials 

 
Animals 

Holtzman Sprague-Dawley (HSD) rats were obtained from Harlan-Sprague 

Dawley (Indianapolis, IN) and Brown Norway (BN) rats, CD1 mice, and C57BL/6 mice 

were obtained from Charles River Laboratories (Wilmington, MA). Nos3 null mice were 

obtained from Jackson Laboratory (Bar Harbor, ME).  The female rats and mice acquired 

were at least 7-8 weeks of age and male rodents were at least 3 months of age to ensure 

reproductive maturity. 

  

Hypobaric Chamber 

The hypobaric chamber was designed and constructed by Alt Manufacturing 

(Kansas City, KS).  A hypobaric chamber has 4 main components: a vacuum pump, a 

vacuum breaker valve, a differential vacuum gauge, and a chamber (Fig. 1).  The first 

three components are readily available and come from a manufacturer ready to be used.  

A ¼ to ½ hp continuous duty, oil-less rotary vane vacuum pump that is capable of 

pumping down to at least 26 inches of Hg and moving at least 3 cfm of air, is required 

(McMaster-Carr, Elmhurst, IL Cat. No. 9901K64).  The vacuum breaker valve is used to 
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maintain a preset vacuum in the chamber.  A heavy-duty bronze diaphragm valve is 

recommended with a breaking range of 2-30 inches of Hg (McMaster-Carr, Cat. No. 

4614K11).  This type of valve ensures a highly controlled and reproducible vacuum.  A 

digital differential vacuum gauge was purchased from Cecomp Electronics, Inc. (Cecomp 

Electronics, Inc., Libertyville, IL, Cat. No. DPG1000AD).  The vacuum gauge was 

programmed at the factory to display one of several different units.   

The chamber was made to accommodate a wide range of animal caging and can 

withstand a differential pressure equivalent to 10 psi.  The chamber has a transparent 

side, so that animal light and dark cycles are not disrupted.  The pump was connected to 

the chamber using ½ inch (inner diameter) braid reinforced tubing (McMaster-Carr, Cat. 

No. 55425K33) and generic brass barbed hose fittings.  The vacuum breaker valve and 

vacuum gauge were connected to the chamber using standard copper pipe and various 

fittings.  The vacuum pump is housed in an adjoining room, and the vacuum hose run 

through the wall thus minimizing the noise.     

 

Methods 

Animal preparations 

Male and female HSD and BN rats were kept under controlled conditions of 14 h 

light and 10 h dark (14 h-L:10 h-D) or alternatively 12 h-L:12 h-D photoperiods with 

access to food  and water ad libitum.  To obtain timed pregnancies, virgin female rats 

were caged overnight with fertile males.  The presence of sperm in vaginal smear is 

designated as day 0.5 of pregnancy.     
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Male and female CD-1 mice, C57BL/6 mice, Nos3 null mice were housed in 14 h-

L:10 h-D photoperiod with access to food and water ad libitum. Timed mouse 

pregnancies were obtained by co-housing virgin females with fertile males.  The presence 

of a seminal plug in the vagina of females is designated as day 0.5 of pregnancy.  In 

terms of Nos3 null mice, specific breeding conditions had to be implemented to prevent 

cannibalism.  Harem mating was used where two pregnant females were kept in the same 

cage with one male mouse.  Cotton nesting material and plastic huts were placed in 

cages.  There was minimal handling of Nos3 null mice breeding animals.   

 

Hypobaric chamber calibration 

 The barometric pressure adjustments are presented in Table 1 and are based 

on the following equations: 

  PI02 = (PC-PH20) x %O2 in air = (PB-PH20) x %O2 inspired 

 Where: 

  PI02 = Partial pressure of inspired oxygen 

  PC = Pressure inside hypobaric chamber 

  PB = Barometric pressure at experiment site 

  PH20 = Partial pressure of water vapor = 47 Torr 
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Table 1.  Calibration of the Hypobaric Chamber 

Experimental 
Conditions  

Estimated O2 
concentrations at 
sea level PIO2  

 (Torr) 
PB 
(Torr) 

PB  
(inches of 
Hg) 

Differential 
Pressure 
(inches of 
Hg) 

Simulated 
elevation 
(meters) 

Sea level 21 149 760 29.9 - 0 
Kansas City, KS 21 143 730 28.7 - 300 
Chamber-10 10 71 385 15.2 14.7 5,150 
Chamber-11 11 78 418 16.5 13.4 4,540 
Chamber-12 12 86 454 17.9 12.0 3,990 
Chamber-13 13 93 490 19.3 10.6 3,470 
Chamber-14 14 100 523 20.6 9.3 2,990 
Chamber-15 15 107 556 21.9 8.0 2,560 

 

 

Exposure of pregnant rodents to hypobaric hypoxia 

Prior to exposure, the rat or mouse was weighed and then placed in the hypobaric 

chamber. Food was measured and allocated.  Each animal was caged separately to 

monitor food intake.  Animals usually reduce their appetite the first few days and exhibit 

decreased physical activity.  Overtime they adapt and regain some of their food intake; 

however, their physical activity remains limited during the course of exposure.  The 

reduced food intake affects body weight and necessitates additional controls.  

The chamber is sealed and the vacuum is activated. Different settings are used for 

the pregnant Holtzman rat versus the pregnant CD-1 mouse.  Responses to maternal 

hypoxia are affected by species, strain, and gestational stage.  In general, mice are more 

sensitive than rats and at least some inbred strains are more sensitive than outbred strains. 

Furthermore the period of gestational exposure affects responses.  We have focused on 

two time intervals in the HSD rat, from days 6.5 to 12.5 of gestation and from days 13.5 

to 20.5 of gestation.  In the BN rat, we exposed animals from days 13.5 to 20.5 of 

gestation.  In the CD-1 mouse, we focused on a time interval between days 11.5 to 18.5 
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of gestation.  C57BL/6 mice and Nos3 null mice were exposed from days 5.5 to 11.5 of 

gestation and 11.5 to 18.5 of gestation. 

Animals were exposed to one of the following hypoxic conditions:  1) equivalent 

of 10% O2 at sea level, air is circulated at a barometric pressure of approximately 380 

Torr, which results in an inspired PO2 of approximately 70 Torr; 2) equivalent of 11% O2 

at sea level, air is circulated at a barometric pressure of approximately 420 Torr, which 

results in an inspired PO2 of approximately 78 Torr; 3) equivalent of 12% O2 at sea level, 

air is circulated at a barometric pressure of approximately 450 Torr, which results in 

inspired PO2 of approximately 86 Torr; or 4) equivalent of breathing 14% O2 at sea level, 

air is circulated at a barometric pressure of approximately 520 Torr.  Pair-fed and ad 

libitum-fed control pregnant rats were exposed to ambient conditions (barometric 

pressure of 760 Torr and inspired PO2 of 149 Torr). 

On a daily basis, the vacuum was released and the chamber opened for 15-20 min 

in order to clean cages, weigh the animals and their food, and to replenish food and 

water.  A few issues are relevant regarding the opening of the chamber during the course 

of an experiment.  Firstly, the rate of pressure release from the chamber must be slow.  

We typically shut-off the vacuum pump and let the chamber passively equilibrate with 

the ambient environment. Opening the chamber daily provides a convenient means for 

tracking responses of the animals during the course of an experiment and maintaining 

their food and water supply.  This brief daily exposure to ambient pressure has also 

proved to be essential for maintaining viable pregnancies during the last week of 

gestation.      
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Two types of controls are used:  1) ad libitum-fed animals; 2) pair-fed animals. 

Ad libitum-fed controls are weighed and food intake monitored daily.  Pair-fed controls 

are weighed daily and are fed the amount of food that the hypoxic animals ate on that day 

of gestation.  Ad-libitum fed and pair-fed controls are required.  These two control groups 

are important because hypobaric hypoxia influences food intake.  Body weight gain in 

pregnant females exposed to hypobaric hypoxia is less than pregnant animals housed 

under ambient conditions.  Restricting food intake of pregnant females housed under 

ambient conditions matches the maternal body weight changes in hypobaric hypoxia-

exposed females.  Pair-feeding is an essential control because maternal food restriction 

independently impacts placental and fetal growth.   

At the termination of the experiment, the animals are removed from the chamber 

and analyzed, as dictated by the experimental design.  

 

Tissue Collection 

Pregnant female animals were sacrificed on various days of gestation.  The 

number of viable versus dead and/or resorbing conceptuses was determined. Placentation 

sites, including uterus, metrial gland, and placental tissues, were dissected from pregnant 

animals.  Fetal and placental weights were also determined at time of dissection.  Tissues 

were snap-frozen in liquid nitrogen for RNA analyses.  For in situ hybridization and 

immunocytochemistry, tissues were frozen in dry ice-cooled heptane. All tissue samples 

were stored at –80°C until used.  The University of Kansas Medical Center Animal Care 

and Use Committee approved procedures for handling and experimentation with rodents.  
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Fig. 1.  Diagram of Hypobaric Chamber.  This illustrates essential components of 
the chamber. 
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CHAPTER 3   

PROLACTIN-LIKE PROTEIN-F SUBFAMILY OF PLACENTAL 

HORMONES/ CYTOKINES:  RESPONSIVENESS TO  

MATERNAL HYPOXIA 
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ABSTRACT 

The prolactin (PRL) family of hormones/cytokines is involved in the maintenance 

of pregnancy and adaptations to physiological stressors.  In this report, we identify and 

characterize a new member of the rat PRL family, examine the impact of maternal 

hypoxia on placental PRL family gene expression, and investigate maternal adaptive 

responses to hypoxia.  Perusal of the PRL gene family locus in the rat genome resulted in 

the identification of a putative new member of the rat PRL family.  The new member is 

closely related to the previously reported PRL-like protein-F (PLP-F) and has been 

named PLP-Fβ and the originally characterized PLP-F, now termed PLP-Fα.  The two 

proteins exhibit structural similarities but possess distinct cell- and temporal-specific 

expression profiles.  In vivo hypoxia stimulates placental PLP-Fα and PLP-E mRNA 

expression in the rat and mouse, respectively.  Rcho-1 trophoblast cells can differentiate 

into trophoblast giant cells, express PLP-Fα, and exhibit enhanced PLP-Fα mRNA levels 

when cultured under low oxygen tension (2%).  Exposure to hypobaric hypoxia during 

latter part of pregnancy did not significantly impact the expression of PLP-Fβ mRNA.  

Finally, exposure to hypobaric hypoxia during midpregnancy led to increased maternal 

red blood cells, hemoglobin concentrations, hematocrit, and increased concentrations of 

maternal splenic mRNAs for key proteins involved in hemoglobin synthesis, erythroid 

Krüppel-like factor, erythroid 5-aminolevulinate synthase-2, and β-major globin.  In 

summary, adaptive responses to maternal hypoxia include activation of placental PLP-

Fα/E gene expression, which may then participate in maternal hematological adjustments 

required for maintaining maternal and fetal oxygen delivery.       
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INTRODUCTION  

Placentation is associated with modifications of the maternal environment.  This 

is accomplished, in part, through the elaboration of hormones and cytokines.  In the rat 

and mouse, endocrine cells of the placenta, along with lactotrophs of the anterior 

pituitary, and decidual cells of the uterus, produce a family of hormones/cytokines, 

related to prolactin (PRL, Soares and Linzer 2001; Soares 2004).  They are termed 

placental lactogens (PLs), PRL-like proteins (PLPs), PRL-related proteins (PRPs), 

proliferin (PLF), and PLF-related protein (PLF-RP).  In the mouse, 23 genes related to 

PRL have been identified and characterized, while 24 PRL related genes are known in the 

rat (Wiemers et al. 2003; Mallon et al. 2004; Alam et al. 2006).  Most of the PRL related 

genes in the two species are orthologous. The PRL family genes are located on 

chromosome 13 in the mouse and chromosome 17 in the rat (Wiemers et al. 2003; Alam 

et al. 2006).  Each member of the family has temporal and tissue-specific expression 

patterns associated with pregnancy (Soares 2004).  PRL family members target the 

reproductive tract, liver, hematopoietic and immune cells, vasculature, and brain and 

participate in adaptations to physiological stressors (Soares 2004; Soares et al. 2006).   

Maternal hypoxia is an effective tool to investigate the involvement of the PRL 

family in adaptations to physiological stressors (Ho-Chen et al. 2006).  At least one 

member of the PRL family, PLP-A, has been shown to contribute to pregnancy-

dependent adaptations to maternal hypoxia (Ain et al. 2004).  Other members of the PRL 

family are involved in regulating key biological processes that are typically associated 

with adaptations to hypoxia. The latter PRL family members include the PLP-F 

subfamily, which has been shown to regulate hematopoiesis, including red blood cell 
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development (Lin and Linzer 1999; Bittorf et al. 2000; Lefebvre et al. 2001; 

Bhattacharyya et al. 2002; Zhou et al. 2002; Zhou et al. 2005; Lie et al. 2000).  Three 

PLP-F subfamily members have been reported; two from the mouse, PLP-E and PLP-F 

(Lin et al. 1997; Müller et al. 1998), and one from the rat, PLP-F (Saghal et al. 2000).  

PLP-E is expressed in trophoblast giant cells (Lin et al. 1997) and is an effective 

stimulator of erythropoiesis (Bittorf et al. 2000; Lie et al. 2000) and could be part of a 

pregnancy-dependent adaptive mechanism ensuring adequate red blood cell oxygen 

delivery.  Mouse PLP-F is expressed predominantly by spongiotrophoblast cells (Lin et 

al. 1997) and has been shown to similarly stimulate hematopoiesis (Zhou et al. 2002).  

Although rat PLP-F is slightly more similar in structure to mouse PLP-F, its expression 

pattern more closely resembles mouse PLP-E (Saghal et al. 2000).    

In this report, we identify and characterize a new member of the rat PLP-F 

subfamily and demonstrate that the expression of some PLP-F subfamily members is 

regulated by maternal hypoxia.    
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MATERIALS AND METHODS 

Animals and tissue preparation 

 Holtzman rats were obtained from Harlan Sprague Dawley Inc. (Indianapolis, IN).  

CD-1 mice were obtained from Charles River Laboratories (Wilmington, MA). Animals 

were housed in an environmentally controlled facility, with lights on from 0600-2000 h, 

and allowed free access to food and water.  Timed mating of animals was conducted by 

placing females with fertile males. The presence of sperm in a vaginal smear of a female 

rat was designated as day 0.5 of pregnancy.  The presence of a seminal plug in the vagina 

of female mice was designated as day 0.5 of pregnancy.  Placentation sites, including 

uterus, metrial gland and placental tissues, were dissected from pregnant animals. 

Placental tissues collected from gestation day 12.5 in the rat were dissected into 

chorioallantoic and choriovitelline components.  On day 18.5 of gestation, the 

chorioallantoic placenta was dissected into junctional and labyrinth zones. Tissues were 

snap-frozen in liquid nitrogen for RNA analyses. For in situ hybridization tissues were 

frozen in dry ice-cooled heptane. All tissue samples were stored at –80°C until used.  

Protocols for these procedures have been described (Ain et al. 2006).  The University of 

Kansas Medical Center Animal Care and Use Committee approved all procedures for 

handling and experimentation with rodents.  

 

In vivo hypoxia 

 On the designated day of pregnancy, female rats or mice were placed in hypobaric 

chambers. Two conditions were used.  Rats were exposed to conditions, where air is 

circulated at a barometric pressure of ~380 Torr, which results in an inspired PO2 of ~70 
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Torr, equivalent to breathing 10% O2 at sea level, while mice were exposed to conditions, 

where air is circulated at a barometric pressure of ~420 Torr, which results in an inspired 

PO2 of ~78 Torr, equivalent to breathing 11% O2 at sea level (Ho-Chen et al. 2006). The 

chambers were opened daily to replenish food and water (15-20 min). Pair-fed and ad 

libitum fed control pregnant rats were exposed to ambient conditions (barometric 

pressure of ~760 Torr and inspired PO2 of ~149 Torr).  

  

Rcho-1 trophoblast cell culture model 

 The Rcho-1 trophoblast cell line represents an in vitro model for studying rat 

trophoblast cells in undifferentiated and differentiation states (Faria and Soares 2001; 

Sahgal et al. 2006).   Rcho-1 trophoblast cells can be maintained in a proliferative state 

by maintaining the cells or induced to differentiate, primarily along the trophoblast giant 

cell lineage (Faria and Soares 2001; Sahgal et al. 2006).  Rcho-1 trophoblast cells were 

maintained in a proliferative state by culturing under subconfluent conditions with RPMI 

1640 culture medium supplemented with 20% FBS, 50 μM 2-mercaptoethanol, 1 mM 

sodium pyruvate, 100 units/ml of penicillin, and 100 μg/ml of streptomycin (Sahgal et al. 

2006).  Differentiation was induced by growing cells to near confluence in FBS-

supplemented culture medium and then replacing the culture medium with NCTC 135 

culture medium supplemented with 1% horse serum, 50 μM 2-mercaptoethanol, 1 mM 

sodium pyruvate, 100 units/ml of penicillin, and 100 μg/ml of streptomycin (Sahgal et al. 

2006).  Trophoblast giant cell differentiation is facilitated by high cell density and the 

removal of factors capable of stimulating proliferation (removal of FBS; Sahgal et al. 

2006).  During differentiation, cells were maintained under ambient (21% O2) or low 
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oxygen (2% O2) levels in a BioSpherix OxyCycler incubator/glove box (BioSpherix Ltd., 

Redfield, NY).  These in vitro conditions of low oxygen tension do not necessarily equate 

with the in vivo maternal hypoxia described above.  

 

Identification and characterization of a new member of the PLP-F subfamily 

A new member of the PLP-F subfamily family was identified by BLAST analysis 

(Altschul et al. 1990) using the rat PLP-F nucleotide sequence (Sahgal et al. 2000) 

against the public rat genome assembly (Rat Genome Sequencing Project Consortium, 

2004; http://rat.ensembl.org , http://genome.brc.mcw.edu/cgi-

bin/hgGateway?org=Rat&db=rn3&hgsid=375405 , and 

http://www.ncbi.nlm.nih.gov/genome/seq/MmBlast.html) and found on a BAC clone 

localized to chromosome 17 (CH230-190E4; Children’s Hospital-BACPAC Resources, 

Oakland, CA; Baylor Rat BACtig Assembly: http://www.hgsc.bcm.tmc.edu/projects/rat/).  

The genomic sequence corresponding to the newly identified PLP-F subfamily member 

was then used to search the expressed sequence tag (EST) database (NCBI, Altschul et al. 

1990). Several ESTs with nucleotide sequences matching the genomic sequence were 

identified and obtained from Invitrogen (Carlsbad, CA).  cDNAs were sequenced by the 

Northwestern Sequencing Facility of Northwestern University (Chicago, IL).  The 

original PLP-F was re-named PLP-Fα and the newly identified PLP-F family member 

was termed PLP-Fβ.  Multiple amino acid sequence alignments were generated with 

CLUSTAL X (Thompson et al. 1997).  Locations of signal peptides were determined 

with the SignalP software program (version 2.0.b2, Nielsen et al. 1997) and based on 

homology with other members of the PRL family. 
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Analysis of mRNA expression 

PRL family miniarray assay.  The PRL family miniarray is a hybridization-based 

tool for monitoring expression of each PRL family member (Dai et al. 2002).  It has been 

used to monitor phenotypes of anterior pituitary, uterine and placental tissues.  The PRL 

family miniarray was performed as previously described (Dai et al. 2002). Total RNA 

was extracted using TRIzol reagent (Invitrogen, Chomczynski et al. 1987).  [32P] dCTP-

labeled cDNA probes were produced by reverse transcription using 5 μg of total RNA.  

Hybridization was conducted overnight with labeled probes at 42°C.  Membranes were 

washed, wrapped in plastic wrap, and exposed to Kodak Bio-Max film for 1-4 h and later 

exposed for 3-5 h on PhosphorImager cassettes (Amersham Pharmacia Biotech, 

Piscataway, NJ).  

Northern blot analysis. Northern blots were performed as previously described 

(Faria et al. 1990, Orwig et al. 1997a).  Total RNA was extracted using TRIzol, separated 

on 1% formaldehyde-agarose gels, and transferred to nylon membranes.  Blots were 

probed with [32P] dCTP-labeled cDNAs for rat PLP-Fα (Sahgal et al. 2000), the newly 

identified rat PLP-Fβ, mouse PLP-E (Müller et al. 1998), erythroid Krüppel-like factor 

(EKLF, GenBank Accession No. AA926284), β-major globin (GenBank Accession No. 

X15009), or erythroid 5-aminolevulinate synthase-2 (ALAS-2, GenBank Accession No. 

NM_013197).  A 28S ribosomal RNA cDNA probe was used to assess RNA integrity 

and as a loading control.   

RT-PCR. PLP-Fα and PLP-Fβ transcripts were assessed by RT-PCR. Total RNA 

was extracted from Rcho-1 trophoblast cells using TRIzol.  Five µg of total RNA and 0.5 
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µg of oligo dT were used for reverse transcription reactions with Superscript II RT 

(Invitrogen).  PCR was performed using Platinium Taq DNA High Fidelity polymerase 

(Invitrogen) with PLP-Fα (forward: 5’ CTA CTA TTA CAC CGA GGC CT 3’; reverse: 

5’ AGA ATC TTC ACT ATT GAT GGA TAA) and PLP-F β (forward: 5’ CTG TTA 

AAT AAT GCC ACC AGA GT 3’; reverse: 5’ TCC AAG AGC TCC AAA TAT AAT 

TCC 3’) specific primers. PCR was conducted for 30 cycles under the following 

conditions; preheat, 94°C, denature 94°C for 1 min, anneal, 60°C for 1 min, extension, 

72°C for 1 min.  PCR products were separated on 1% agarose gels and stained with 

ethidium bromide.   

 In situ hybridization.  In situ hybridization was performed as previously described 

(Braissant O and Wahli 1998; Ain et al. 2003).  Ten-micron cryosections of tissues were 

prepared and stored at –80ºC until used.  Plasmids containing cDNAs for rat PLP-Fα 

(Sahgal et al. 2000) and PLP-Fβ were used as templates to synthesize sense and anti-

sense digoxigenin-labeled riboprobes according to the manufacturer’s instructions (Roche 

Molecular Biochemicals, Indianapolis, IN). Tissue sections were air dried and fixed in ice 

cold 4% paraformaldehyde in phosphate buffered saline.  Pre-hybridizations, 

hybridizations, and detection of alkaline phosphatase-conjugated anti-digoxigenin were 

performed as previously reported (Braissant O and Wahli 1998; Ain et al. 2003).  

 

Red blood cell analysis 
Blood samples (1-3 ml) were collected by cardiac puncture of anesthetized rats.  

Blood was collected into vacutainer tubes and stored at 4°C until analyzed. 

Hematological measurements were performed using an Act10 Hematological Analysis 

System (Beckman Coulter, Miami, FL) at the Hematology Core Laboratory of the 
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University of Kansas Medical Center (Kansas City, Kansas).  Analyses focused on red 

blood cell numbers, hemoglobin concentrations, and hematocrit.   

 

Statistical analysis 

  Data generated were analyzed with analysis of variance.  The source of variation 

from significant F-ratios will be determined with Newman-Keuls Multiple Comparison 

test (Keppel 1973).   
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RESULTS 

Identification of two rat genes related to PLP-F 

 Screening of the rat genome database with the rat PLP-F cDNA sequence (Sahgal et 

al. 2000) resulted in the identification of the PLP-F gene and a closely related gene.  

Nucleotide sequence for the PLP-F related gene was used to screen the NCBI EST 

database.  Several ESTs were identified with high levels of sequence nucleotide identity 

and one full length EST was characterized (cDNA clone identification: UI-R-CX0-bxe-b-

02-0-UI.s1, Genbank Accession: BI276593).  We termed the original PLP-F gene, PLP-

Fα and the newly identified gene, PLP-Fβ. The PLP-Fβ cDNA nucleotide sequence was 

determined (GenBank Accession No. AY741310).  PLP-Fα and PLP-Fβ cDNAs share 

81% nucleotide identity and their predicted amino acid sequences share 66% identity 

(Fig. 1A).  Both PLP-Fα and PLP-Fβ consist of 250 amino acid proteins possessing a 

predicted 29 amino acid signal peptide and five homologously positioned cysteine 

residues, located at amino acids 100, 210, 215, 232, and 241.  PLP-Fα has an additional 

cysteine located at amino acid 99.  The predicted amino acid sequence of PLP-Fα 

includes three putative N-linked glycosylation sites (amino acids: 35, 102, and 134), 

whereas PLP-Fβ possesses four putative N-linked glycosylation sites (amino acids:  50, 

102, 134, and 244).  Rat PLP-Fα and PLP-Fβ are closely related to mouse PLP-E and 

PLP-F; however, specific orthologous relationships cannot be defined. 

 Northern blotting analyses were used to determine gestational expression profiles of 

the rat PLP-Fs (Fig. 1B).  mRNAs for both PLP-Fs were predominantly expressed in the 

junctional zone of the chorioallantoic placenta.  Temporally, PLP-Fα was most abundant 

during midgestation, while PLP-Fβ was dominant during the later stages of pregnancy.   
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Rcho-1 cells represent a rat trophoblast cell line capable of differentiating into 

trophoblast giant cells (Sahgal et al. 2006).  RT-PCR analysis was used to determine the 

expression patterns of the two PLP-Fs in differentiating Rcho-1 trophoblast cells (Fig. 

1C).  Differentiating Rcho-1 trophoblast cells (trophoblast giant cells) primarily 

expressed PLP-Fα transcripts.  Dissected midgestation trophoblast tissues 

(chorioallantoic placenta) and late gestation junctional zone served as positive controls 

for the PLP-Fs.   

The PLP-F mRNAs were localized to gestation day 11.5 and gestation day 18.5 

trophoblast tissues by in situ hybridization (Fig. 2).  PLP-Fα exhibited predominantly a 

trophoblast giant cell distribution, PLP-Fβ showed primarily a spongiotrophoblast cell 

expression pattern.  Consistent with the northern blot analysis, PLP-Fα expression was 

more prominent at day 11.5 of gestation and PLP-Fβ expression was predominant at 

gestation day 18.5. 

In summary, rat trophoblast cells express two structurally related PLP-F 

subfamily genes (PLP-Fα and PLP-Fβ).  The two genes are expressed predominantly by 

two different cell types (trophoblast giant cells and spongiotrophoblast cells) during 

different phases of pregnancy (midgestation and late gestation).     

 

In vivo maternal hypoxia impacts PLP-F subfamily gene expression  

 Members of the PRL family have been shown to participate in adaptations to 

physiological stressors, including maternal hypoxia (Ain et al. 2004; Dorshkind and 

Horseman 2001; Dugan et al. 2002).  Additionally, at least one member of the PLP-F 

subfamily specifically activates erythropoiesis (Bittorf  et al. 2000; Lie et al. 2000).  
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Consequently, we investigated the effects of maternal hypoxia on PRL family gene 

expression using the PRL family miniarray assay (Dai et al. 2002).  Pregnant female rats 

were exposed to the equivalent of 10% oxygen from days 6.5 to 12.5 of gestation (Fig. 

3A).  PRL gene family expression was assessed in chorioallantoic and choriovitelline 

placentas on gestation day 12.5.  PLP-Fα was the only PRL family member significantly 

stimulated by maternal hypoxia (Fig. 3B).  Choriovitelline placental PLP-Fα mRNA 

responses were more robust and consistent than chorioallantoic placental PLP-Fα 

responses (data not shown).  The effects of maternal hypoxia in stimulating 

choriovitelline placental PLP-Fα mRNA were verified by northern blot analysis (Fig. 

3C).  

  As indicated above, the mouse possesses two members of the PLP-F subfamily, 

PLP-E and PLP-F.  Mouse PLP-E and rat PLP-Fα share commonalities in their temporal 

and spatial expression patterns. Pregnant female mice were exposed to the equivalent of 

11% oxygen from days 5.5 to 11.5 of gestation (Fig. 3D).   Northern blot analysis 

revealed increased expression of PLP-E mRNA in animals exposed to hypoxia compared 

to pair-fed normoxic controls (Fig. 3E).   

 Finally, we examined the affect of maternal hypoxia on the regulation of PLP-Fα and 

PLP-Fβ gene expression during the last week of gestation.  Pregnant female rats were 

exposed to the equivalent of 10% oxygen from days 13.5 to 18.5 of gestation (Fig. 4A).  

Northern blot analyses of gestation day 18.5 junctional zone tissues indicated that PLP-

Fα and PLP-Fβ were not responsive to hypoxia (Fig. 4B). 

 In summary, midgestation trophoblast rat PLP-Fα and mouse PLP-E expression 

respond positively to exposure to in vivo maternal hypoxia.   
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Impact of in vitro oxygen tension on trophoblast cell PLP-Fα gene expression 

 Rcho-1 trophoblast cells represent an excellent in vitro model for investigating 

aspects of trophoblast giant cell differentiation and function (Sahgal et al. 2006).  In the 

following experiments, Rcho-1 trophoblast cells were induced to differentiate while 

exposed to ambient or 2% oxygen for 10 days (Fig. 5A).  Northern blot analyses revealed 

that PLP-Fα mRNA levels were significantly elevated in the 2% oxygen exposed cell 

cultures (Fig. 5B).  Thus both in vivo and in vitro models indicate that trophoblast cell 

PLP-Fα expression is sensitive to oxygen tension.       

 

Erythroid responses to maternal hypoxia 

 In order to better understand the maternal response to hypobaric hypoxia, blood and 

spleen tissues were collected on gestation day 12.5 following 7 days of hypobaric 

hypoxia or in pair-fed pregnant animals exposed to ambient conditions (Fig. 6A) and 

analyzed for various hematological parameters.  Exposure to maternal hypoxia 

significantly increased red blood cell numbers, hemoglobin concentrations, and 

hematocrit values (Fig. 6B).  Additionally, key genes associated with hemoglobin 

synthesis (EKLF, ALAS-2, and β-major globin) were significantly elevated in splenic 

tissues from pregnant females exposed to hypobaric hypoxia (Fig. 6C).  Collectively, the 

data suggest that the pregnant female rat responds to hypoxia, at least in part, through 

stimulation of erythroid cell lineage.  
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DISCUSSION 

 The PRL family has undergone species-specific expansions (Alam et al. 2006, 

Soares et al. 2006).  In the mouse and the rat, the PRL family is exceptionally large (~ 

two dozen genes in each species) and can be classified into a number of subfamilies 

(Wiemers et al. 2003; Alam et al. 2006).  These subfamilies are based strictly on 

structural relatedness.  They exhibit elements of conservation between the mouse and rat 

and also species-specificity. The PLP-F subfamily is of considerable interest because of 

recent advances in understanding its biological roles during pregnancy (Lin and Linzer 

1999; Bittorf et al. 2000; Lefebvre  et al. 2001; Bhattacharyya et al. 2002; Zhou et al. 

2002; Zhou et al. 2005; Lie et al. 2000).  This subfamily consists of two members in the 

mouse (PLP-E and PLP-F) and two members in the rat (PLP-Fα and PLP-Fβ).   

In this report, we investigate the rat PLP-F subfamily.  PLP-Fα and PLP-Fβ 

exhibit significant sequence similarities and structurally are both more closely related to 

mouse PLP-F than to mouse PLP-E.  However, based on expression profiles, PLP-Fα 

shares similarities with mouse PLP-E, while PLP-Fβ parallels mouse PLP-F.  

Furthermore we demonstrated that exposure of pregnant rats to hypobaric hypoxia is an 

effective technique for investigating pregnancy-dependent adaptations.  Maternal hypoxia 

activates placental signals, including members of the PLP-F subfamily, and maternal 

homeostatic responses ensuring oxygen availability and delivery to the fetus.     

PLP-F subfamily genes are expressed by different trophoblast cell lineages and 

are differentially activated by hypoxia.  Rat PLP-Fα and PLP-Fβ genes each possess a six 

exon structure and are situated next to each other within the PRL family locus on 

chromosome 17 (Alam et al. 2006). Their close proximity does not correlate with their 
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cell- and temporal-specific expression patterns.  PLP-Fα is expressed predominantly in 

trophoblast giant cells during midgestation, while PLP-Fβ is expressed primarily by 

spongiotrophoblast cells during the latter part of gestation (Sahgal et al. 2003, present 

study).  Not surprisingly, the derivation of the trophoblast giant cell and 

spongiotrophoblast cell lineages involve distinct regulatory pathways (Simmons and 

Cross 2005) and are differentially affected by hypoxia (Adelman  et al. 2000; Cowden 

Dahl et al. 2005; Maltepe et al. 2005; Gultice et al. 2006).  Midgestation rat PLP-Fα and 

mouse PLP-E expression are stimulated by exposure to maternal hypoxia.  Although the 

increase of PLP-Fα and PLP-E expression by hypoxia is dependent upon the activation of 

midgestation trophoblast giant cells, other trophoblast giant cell-specific genes are not 

similarly upregulated by maternal hypoxia.  For example, PL-I, PL-II, and PLP-M 

transcript levels do not change significantly in placental tissues from pregnant females 

exposed to hypoxia (present study).  As gestation progresses, the regulation of PLP-F 

subfamily gene expression becomes constitutive and non-responsive to oxygen tension.  

Gestational-dependent regulation of PLP-F subfamily gene expression is likely connected 

to the physiological demands of pregnancy and the biological activities of the PLP-F 

subfamily.    

The PLP-F subfamily of cytokines/hormones has been linked to the regulation of 

hematopoiesis. PLP-E and PLP-F stimulate blood cell formation, including 

megakaryocyte and erythrocyte development (Lin and Linzer 1999; Bittorf et al. 2000; 

Lefebvre  et al. 2001; Bhattacharyya et al. 2002; Zhou et al. 2002; Zhou et al. 2005; Lie 

et al. 2000).  Hypoxia is known to differentially affect megakaryocytopoiesis and 

erythropoiesis.  Megakaryocyte formation is inhibited by hypoxia, while erythrocyte 
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development is stimulated (Cullen and McDonald 1989; Rolovic et al. 1990).  

Erythrocytes are key regulators of oxygen homeostasis. They synthesize hemoglobin, 

bind oxygen, and are fundamental for oxygen delivery to tissues (Lensch and Daley 

2004; Baron and Fraser 2005).  Pregnancy represents a significant challenge to oxygen 

homeostasis and fetal oxygen delivery.  Red blood cell numbers increase during 

pregnancy concomitant with expansions in blood volume and the growth demands of the 

fetus (De Rijk et al. 2002).  During early post-implantation to midgestation, trophoblast 

giant cells are effective sensors of oxygen status.  If oxygen tension is below a 

physiological set-point, then trophoblast giant cells are activated to produce PLP-F 

subfamily members, especially PLP-Fα and PLP-E.  This midgestation regulatory loop 

can be further activated by exposure of pregnant rats to hypobaric hypoxia.  During late 

pregnancy, maternal and fetal demands for oxygen are increased and PLP-F subfamily 

members (PLP-Fβ and mouse PLP-F) are constitutively produced by spongiotrophoblast 

cells. Collectively, these hormones enter into maternal circulation (Lin and Linzer 1999) 

and are targeted to maternal sites of hematopoiesis (bone marrow, spleen) where they can 

mimic the actions of erythropoietin and stimulate red blood cell formation (Bittorf et al. 

2000; Lie et al. 2000). At least one member of the PLP-F subfamily can also be activated 

during pathological conditions (Bhattacharyya  et al. 2002).  The cellular mechanism of 

action of PLP-F subfamily cytokines/hormones is not well understood but may involve 

gp130 and JAK/STAT signaling pathways (Lin and Linzer 1999; Bittorf et al. 2000).   

During pregnancy, hematopoiesis is also initiated in extraembryonic and 

embryonic tissues.  The midgestation placenta is a site of hematopoietic stem cell 

development (Ottersbach and Dzierzak 2005; Gekas et al. 2005; Mikkola et al. 2005) and 
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the visceral yolk sac is an active site of erythropoiesis (Lensch and Daley 2004; Baron 

and Fraser 2005).  The peak in placental hematopoietic stem cell production and visceral 

yolk sac erythropoiesis correspond to the expression profile of PLP-F subfamily 

members; however, whether they have access to these extraembryonic targets and are 

capable of modulating their functions remains to be determined           

In summary, the placenta orchestrates adaptive responses to hypoxia, at least in 

part, via the elaboration of hormones and cytokines.  PLP-Fα and PLP-E, in the rat and 

mouse, respectively, represent hormones/cytokines that are responsive to maternal 

hypoxia and possess biological actions contributing to pregnancy-dependent regulation of 

oxygen homeostasis.   
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Figures 

Fig. 1 The rat possesses two genes related to PLP-F: PLP-Fα and PLP-Fβ. 

Panel A. Amino acid sequence comparison of PLP-Fα (18) and PLP-Fβ (current 

study).  Predicted signal peptide cleavage sites are indicated by an arrow.   

Homologous cysteine residues are shown in blue outlined boxes and N-linked 

glycosylation sites are highlighted in red shaded boxes.  Asterisks below the 

sequences denote identity and dots below the sequences denote similarity.  

Panel B. Expression of PLP-Fα and PLP-Fβ mRNA in rat placenta during the 

second half of gestation.  Placental tissues were isolated, dissected into junctional 

and labyrinth zones, extracted for total RNA, and analyzed by northern blotting.  

Abbreviations: J, junctional zone; L, labyrinth zone. Panel C.  RT-PCR analysis 

of PLP-Fα and PLP-Fβ in placental tissue and Rcho-1 trophoblast cells.  Specific 

primer sets were used to identify and discriminate between PLP-Fα and PLP-Fβ.  

Lane A: Day 12.5 chorioallantoic placenta (CA) placenta; Lane B: Day 18.5 

junctional zone (JZ) of the chorioallantoic placenta; Lane C: Rcho-1 trophoblast 

cells; Lane D: positive control PLP-Fα plasmid; Lane E: positive control PLP-Fβ 

plasmid.  G3PDH primers were used as a positive control for the RNA samples in 

lanes A-C.   
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Fig. 2 Localization of PLP-Fα and PLP-Fβ mRNAs within rat placental tissues.   

Panel A. Schematic diagram of a mid-gestation uteroplacental compartment.  The 

black outlined box is the region of the placenta that is enlarged in panels C and E.  

Panel B. Schematic diagram of late gestation uteroplacental compartment.  The 

black outlined box is the region of the placenta that is enlarged in panels D and F.  

In situ hybridization was utilized to identify spatial distribution of PLP-Fs in the 

rat uteroplacental compartment.  Cryosections were prepared from gestation day 

11.5 (Panels C & E) and day 18.5 (Panels D & F) and hybridized to digoxigenin-

labeled PLP-Fα (Panels C & D) and PLP-Fβ (Panels E & F) anti-sense and sense 

(data not shown) probes.  
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Fig. 2 
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Fig. 3 Effects of hypoxia on placental PRL gene family expression.   

Panel A. Schematic representation of in vivo rat experiments designed to evaluate 

placental responses to maternal hypoxia used to generate data presented in Panels 

B and C.  Pregnant Holtzman female rats were placed in hypobaric chambers 

where air was circulated at a barometric pressure of ~ 380 Torr, which resulted in 

an inspired PO2 of ~70 Torr, equivalent to breathing 10% O2 at sea level.  

Hypoxia exposure was initiated on day 6.5 of gestation and animals were 

sacrificed at day 12.5 of gestation (HYP). Gestationally-matched pair-fed 

pregnant females exposed to ambient conditions were used as controls (N-PF).  

Panel B.  Examination of the effects of maternal hypoxia on choriovitelline 

placental PRL gene family expression using the PRL family miniarray.   Total 

RNA was isolated from choriovitelline placental tissues on day 12.5 of gestation, 

radiolabeled by reverse-transcription, and used as hybridization probes for rat 

PRL family miniarrays.  Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) 

was used as a control. Abbreviations: PRL, prolactin; GH, growth hormone; PL, 

placental lactogen; PLF-RP, proliferin-related protein; PLP, PRL-like protein; 

d/tPRP, decidual/trophoblast PRL-related protein.  Panel C.  Northern blot 

analysis of PLP-Fα mRNA in choriovitelline placental tissues from female rats 

exposed to hypoxia and ambient conditions.  28S rRNA was used as a control to 

demonstrate loading accuracy and the integrity of the RNA.  Panel D. Schematic 

representation of in vivo mouse experiments used to generate data presented in 

Panel E.  Pregnant female CD-1 mice were placed in hypobaric chambers where 
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air was circulated at a barometric pressure of ~ 420 Torr, which results in an 

inspired PO2 of ~ 78 Torr, equivalent to breathing 11% O2 at sea level.  Hypoxia 

exposure was initiated on day 5.5 of gestation and animals were sacrificed at day 

11.5 of gestation (HYP). Gestationally-matched pair-fed pregnant females 

exposed to ambient conditions were used as controls (N-PF).  Panel E.  Northern 

blot analysis of PLP-E mRNA in placental tissues from female mice exposed to 

hypoxia and ambient conditions.  28S rRNA was used as a control to demonstrate 

loading accuracy and the integrity of the RNA.   
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Fig. 4 Effects of maternal hypoxia during the last week of gestation on PLP-Fα and 

PLP-Fβ mRNA expression.  Panel A. Schematic representation of in vivo rat 

experiments used to generate data presented in Panel B.  Pregnant Holtzman 

female rats were placed in hypobaric chambers where air was circulated at a 

barometric pressure of ~ 380 Torr, which resulted in an inspired PO2 of ~70Torr, 

equivalent to breathing 10% O2 at sea level.  Hypoxia exposure was initiated on 

day 13.5 of gestation and animals were sacrificed at day 18.5 of gestation (HYP). 

Gestationally-matched pair-fed pregnant females exposed to ambient conditions 

were used as controls (N-PF). Panel B.  Expression of PLP-Fα and PLP-Fβ 

mRNAs in rat junctional zone during late gestation.  Northern blot analyses were 

performed for PLP-Fα and PLP-Fβ mRNAs in junctional zone placental tissues 

from animals exposed to hypobaric hypoxia and pair-fed normoxia controls. 28S 

rRNA was used as a control to demonstrate loading accuracy and the integrity of 

the RNA. 
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Fig. 5 Effect of low oxygen on PLP-Fα mRNA expression in Rcho-1 trophoblast 

cells.  Panel A. Schematic representation of in vitro cell culture experiments used 

to generate data presented in Panel B.  Proliferative Rcho-1 trophoblast cells were 

cultured for 3 days under proliferative conditions and then under differentiating 

conditions in 2% or ambient O2 for 10 days.  Panel B.  Northern blot analysis of 

PLP-Fα mRNA in differentiating Rcho-1 trophoblast cells exposed to low 

oxygen.  28S rRNA was used as a control to demonstrate loading accuracy and 

the integrity of the RNA. 
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Fig. 6 Effects of maternal hypoxia on red blood cell parameters and expression of 

hemoglobin synthesis genes.  Panel A. Schematic representation of in vivo rat 

experiments used to generate data presented in Panels B and C.  Pregnant 

Holtzman female rats were placed in hypobaric chambers where air was 

circulated at a barometric pressure of ~ 380 Torr, which resulted in an inspired 

PO2 of ~70 Torr, equivalent to breathing 10% O2 at sea level.  Hypoxia exposure 

was initiated on day 6.5 of gestation and animals were sacrificed at day 12.5 of 

gestation (HYP). Gestationally-matched pair-fed pregnant females exposed to 

ambient conditions were used as controls (N-PF). Panel B. Effects of maternal 

hypoxia on red blood cell parameters.  Hematological variables were measured 

using an Act10 Hematological Analysis System.  Panel C. Expression of genes 

encoding key proteins involved in the regulation of hemoglobin synthesis from 

the maternal rat spleen.  Northern blot analyses were performed for erythroid 

Krüppel-like factor (EKLF), erythroid 5-aminolevulinate synthase-2 (ALAS-2), 

and β-major globin mRNAs in splenic tissue from animals exposed to hypobaric 

hypoxia and pair-fed normoxia controls.   
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ABSTRACT 

 A reproductive strategy has evolved that allows for the development of the fetus in 

the female reproductive tract, termed viviparity.  This involves a maternal adaptive 

response to pregnancy that depends on organization of an effective maternal-fetal 

interface, permitting essential oxygen and nutrient delivery to the fetus.  In this 

investigation, pregnant rats and mice were exposed to hypobaric hypoxia during various 

phases of pregnancy.  Experimental exposure of pregnant rats or mice to hypoxic 

environments impacted placental and fetal development.  Specific responses were 

dependent upon parameters of the hypoxia exposure and the species and strain of animal 

used in the experimentation.  Successful adaptations to maternal hypoxia were 

characterized by fetal survival, the maintenance of placental and fetal development, and 

specific vascular modifications in the uterine mesometrial compartment.  Hypoxia-

activated vascular remodeling was characterized by increased uterine mesometrial blood 

vessel diameter.  Insights about cellular and molecular mechanisms underlying the 

adaptive maternal uterine response were provided by a custom angiogenesis-related DNA 

microarray analysis.  Maternal hypoxia stimulated uterine mesometrial nitric oxide 

synthase-3 (Nos3) expression during midgestation but not during late gestation.  NOS3 

was localized to endothelial cells and showed a gestation-dependent increase in 

expression.  Mice deficient in Nos3 showed increased problems in adapting to maternal 

hypoxia and a higher incidence of pregnancy failure.  In summary, we have discovered a 

novel adaptive reflex that protects pregnancy and allows fetal development to proceed for 

the duration of pregnancy.   
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INTRODUCTION 

 The maternal-fetal interface is a dynamic site where uterine and placental 

structures cooperate to promote the development of the embryo/fetus.  These specialized 

tissues facilitate efficient nutrient delivery.  The rat, mouse, and human each possess a 

hemochorial placenta (Davies and Glasser 1968; Enders and Welsh 1993; Georgiades et 

al. 2002).  This type of placentation is characterized  by erosion of the maternal uterine 

epithelium and vasculature permitting the direct flow of maternal nutrients to trophoblast 

cells.  Embryonic/fetal development within the female reproductive tract requires 

specialized adaptations (Enders and Welsh 1993). Among these changes is the extensive 

remodeling of the associated maternal uterine vasculature (Adamson et al. 2002; 

Kaufmann et al. 2003; Red-Horse et al 2004). An elaborate arterial-venous network is 

established that supplies the placenta.  As gestation progresses, small uterine spiral 

arteries supplying the placenta are modified creating flaccid, low resistance blood vessels 

(Adamson et al. 2002; Takemori et al. 1984; Takemori  et al. 1985; Christofferson, R.H. 

1993; Pijnenborg et al. 2006). 

  Environmental stressors (hypoxia, nutrient deprivation, etc) can provide insights 

about biology at the maternal-fetal interface (Rockwell et al. 2000; Zamudio 2003; 

Wallace et al. 2004).  Stressors yield pronounced physiological responses, which are 

amenable to molecular dissection. Such strategies allow the unmasking of normal 

homeostatic mechanisms that when disrupted can contribute to disease. 

  Oxygen is an essential nutrient for all cells, including those within the placenta 

and fetus. It is delivered through the vasculature. Pregnancy-dependent vascular 

remodeling at the maternal-fetal interface ensures adequate delivery of oxygen and other 
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nutrients to the fetus. Oxygen tension at the maternal-fetal interface is proposed to be a 

physiological signal controlling gestational-dependent vascular remodeling (Genbacev  et 

al. 1996; Caniggia et al 2000; Burton and Jaunaiux 2001; Cowden Dahl et al. 2005a; 

Fryer and Simon 2006). Uterine oxygen concentrations are low (~1-2%) during early 

pregnancy prior to establishment of the chorioallantoic placenta (Rodesch 1992).  

Following placentation, intrauterine oxygen concentrations increase to approximately 

8%.  Under in vitro conditions, low oxygen affects the growth and differentiation of 

trophoblast cells (Caniggia et al. 2000; Alsat et al. 1996; Genbacev et al. 1997; Nelson et 

al. 1999; Adelman et al. 2000; Jiang et al. 2000; James et al. 2006). Depending upon the 

in vitro experimental design, low oxygen has been shown to be both an activator and 

inhibitor of trophoblast invasion (James et al. 2006). Additional insights about the role of 

oxygen as an intrinsic regulator of placentation have been derived from mutagenesis of 

the mouse genome.  Phenotypes of mice with null mutations for several genes in the 

hypoxia inducible factor (HIF) signaling pathway are associated with failures in 

placentation, including the HIF1α, HIF2α, HIF1β, prolyl hydroxylase domain protein 2, 

and von Hippel-Lindau genes (Cowden Dahl et al. 2005a; Adelman et al. 2000; Gnarra et 

al.1997; Maltepe et al. 2005; Takeda et al. 2006).  Thus, oxygen is a key regulator of 

placental development. 

  In vivo responses to hypoxia are more complex. Pregnancies at high altitude are at 

an increase risk of preeclampsia (Palmer et al. 1999).  The decreased oxygen tension at 

high altitude stimulates placental blood vessel development resulting in increased 

vascularity (Zamudio 2003; Burton et al. 1996; Penninga et al. 1998; Mayhew 2003; 

Zhang et al. 2002; Tissot  van Patot et al. 2003; Tissot van Patot et al. 2004).  This 
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represents an adaptive response to facilitate nutrient flow to the placenta and fetus.  

Experimental exposure of pregnant rodents to hypoxia can also impact uteroplacental and 

fetal development (Bacon et al. 1994; De Grauw et al. 1986; Faridy et al. 1988; 

Sakuragawa et al. 1988; Scheffen et al. 1990; Tapanainen et al. 1997; Tapanainen et al. 

1994; Lueder et al. 1995; Schwartz et al. 1998; Huang et al. 2004; Schäffer et al. 2006; 

Xu et al. 2006). The specific effects are dependent upon the magnitude, duration, and the 

gestational timing of the hypoxia.  Less severe exposure to hypoxia results in successful 

adaptations, whereas more severe exposure leads to impaired fetal glucose utilization, 

intrauterine fetal growth restriction, and sometimes pregnancy failure. Specific actions of 

maternal hypoxia on the uteroplacental vasculature in the rat or mouse have not been 

reported.  

In this report, we have identified a reproducible in vivo method for perturbing the 

development of the placentation site. Exposure of pregnant rats and mice to hypobaric-

hypoxia during the establishment of the placenta results in profound effects on 

uteroplacental vascularity.   Furthermore, we provide evidence for a role of nitric oxide 

synthase 3 (NOS3) in the regulation of uteroplacental adaptations to maternal hypoxia.
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MATERIALS AND METHODS 

Animals and tissue preparation  

Holtzman Sprague-Dawley (HSD) outbred rats were purchased from Harlan 

Sprague-Dawley Inc. (Indianapolis, IN).  Brown Norway (BN) rats and CD1 mice were 

obtained from Charles River Laboratories (Wilmington, MA). C57BL/6 mice and Nos3 

null mice (Shesely et al. 1996) were obtained from The Jackson Laboratory (Bar Harbor, 

ME).  Animals were housed in an environmentally controlled facility, with lights on from 

0600-2000 h, and allowed free access to water.  Virgin female rats 8-10 weeks of age for 

each strain were cohabited with adult males (>12 weeks of age) of the same strain. The 

presence of sperm in the vaginal lavage was considered as day 0.5 of pregnancy. Virgin 

female mice 8-10 weeks of age for each strain were cohabited with adult males of the 

same strain.  The day when a seminal plug was found in the vagina of female mice was 

designated as day 0.5 of pregnancy.  Pregnant female animals were sacrificed on various 

days of gestation.  The number of viable versus dead and/or resorbing conceptuses was 

determined. Placentation sites, including uterus, metrial gland, and placental tissues, were 

dissected from pregnant animals.  Fetal and placental weights were also determined at 

time of dissection.  Tissues were snap-frozen in liquid nitrogen for RNA analyses.  For in 

situ hybridization and immunocytochemistry, tissues were frozen in dry ice-cooled 

heptane. All tissue samples were stored at –80°C until used. Protocols for these 

procedures have been described (Ain et al. 2006). The University of Kansas Medical 

Center Animal Care and Use Committee approved procedures for handling and 

experimentation with rodents.  

 



 74

In vivo maternal hypoxia 

On the designated day of pregnancy, female rats or mice were placed 

in hypobaric chambers. Animals were exposed to one of the following hypoxic 

conditions:  1) equivalent of 10% O2 at sea level, air is circulated at a barometric pressure 

of approximately 380 Torr, which results in an inspired PO2 of approximately 70 Torr; 2) 

equivalent of 11% O2 at sea level, air is circulated at a barometric pressure of 

approximately 420 Torr, which results in an inspired PO2 of approximately 78 Torr; 3) 

equivalent of 12% O2 at sea level, air is circulated at a barometric pressure of 

approximately 450 Torr, which results in inspired PO2 of approximately 86 Torr; or 4) 

equivalent of breathing 14% O2 at sea level, air is circulated at a barometric pressure of 

approximately 520 Torr (Ho-Chen et al. 2006). The chambers were opened daily to 

replenish food and water (15–20 min). Pair-fed and ad libitum-fed control pregnant rats 

were exposed to ambient conditions (barometric pressure of 760 Torr and inspired PO2 of 

149 Torr). 

 

Histological and immunocytochemical analyses 

Uteroplacental histological and immunocytochemical analyses were performed on 

10-micron tissue sections prepared with the aid of a cryostat as previously described (Ain 

et al. 2006; Konno et al. 2007).   

For histological analysis, tissue sections were fixed in 4% paraformaldehyde in 

phosphate buffered saline (PBS, pH 7.2).  Sections were stained with hematoxylin and 

eosin. 
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  Immunocytochemical analyses were used to identify smooth muscle cells, 

endothelial cells, and cells expressing NOS3.  Analyses were performed with the aid of a 

cryostat and Histostain-AEC-plus kits (Zymed Laboratories, San Francisco, CA) 

according to the manufacturer’s instructions unless stated otherwise.   All immunostained 

tissue sections were examined and images recorded with a Leica MZFLIII 

stereomicroscope equipped with a CCD camera (Leica Microsystems GmbH, Welzlar, 

Germany).   

  Smooth muscle cells. Smooth muscle cells were monitored with mouse 

monoclonal anti-smooth muscle α-actin (α-actin-2, ACTA2) antibodies (Sigma-Aldrich, 

St. Louis, MO) at 1:400 dilutions.   

Endothelial cells.  Mouse monoclonal antibodies to platelet/endothelial cell 

adhesion molecule (PECAM, BD Pharmingen, Franklin Lakes, NJ) and to an 

uncharacterized rat endothelial cell-specific surface antigen (RECA1; Serotec, Oxford, 

UK; Duijvestijn et al. 1992) were used to detect endothelial cells.  The PECAM antibody 

was used at a dilution of 1:10 and the RECA1 antibody at a dilution of 1:20.   

NOS3.  Rabbit polyclonal antibodies to NOS3 (BD BioSciences, San Jose, CA) 

were used to localize NOS3 protein expression in uteroplacental tissue sections.  The 

antibodies were used at a dilution of 1:1000.  

 

Northern blot analysis  

Northern blot analysis was performed as described previously (Faria et al. 1990). 

Total RNA was extracted from tissues using TRIzol reagent (Invitrogen, Carlsbad, CA). 

Total RNA (10 μg/lane) was resolved in 1% formaldehyde-agarose gels, transferred to 
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nylon membranes, and crosslinked. Blots were probed with [αP32] labeled cDNAs for 

Nos3 (GenBank Accession No. CO558193).  28S rRNA cDNA was used to evaluate the 

integrity and equal loading of RNA samples. At least three different tissue samples from 

three different animals were analyzed with each probe for each time point.  

 

Angiogenesis-related gene profiling 

An Oligo GEArray®  Rat Angiogenesis Microarray, a 96-gene angiogenesis-

specific DNA microarray, was performed (SuperArray Bioscience, Frederick, MD).  Five 

μg of total RNA from dissected metrial gland tissues were used to generate biotinylated 

cDNA probes using Probe Synthesis Kit and biotin-UTP (SuperArray Bioscience).  

Biotinylated cDNA probes were hybridized to gene specific cDNA fragments spotted on 

membranes.  The GEArray membrane was blocked and incubated with alkaline 

phosphatase conjugated strepavidin.  Relative expression levels of multiple genes were 

detected by chemiluminescence with the alkaline phosphatase substrate, CDP-Star® and 

X-ray film.  GEArray Analyzer software (SuperArray Bioscience) was used to analyze 

the data. 

 

Red blood cell parameter measurements 

Blood samples (1–3 ml) were collected by cardiac puncture of anesthetized rats. 

Blood was collected into Vacutainer tubes and stored at 4ºC until analyzed. 

Hematological measurements were performed using an Act10 hematological analysis 

system (Beckman Coulter, Miami, FL) at the Hematology Core Laboratory of the 
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University of Kansas Medical Center (Kansas City, KS). Analyses focused on red blood 

cell numbers, hemoglobin concentrations, and hematocrit. 

 

Morphological measurements and statistical analysis  

Morphological measurements of blood vessel and uterine mesometrial 

compartment cross-sectional area were performed with National Institutes of Health 

Image J software. Measurements were made from a histological plane at the center of 

each placentation site perpendicular to the flat fetal surface of the placenta. An estimate 

of the vasculature was determined from the ratio of cross-sectional surface area 

associated with the uterine mesometrial surface area associated with blood vessels and the 

entire surface area of the uterine mesometrial compartment.  Definitions of each 

compartment within the rat placentation site (uterine mesometrial compartment, metrial 

gland, mesometrial deciduum, junctional zone, and labyrinth zone) have been described 

(Ain et al. 2006).  The uterine mesometrial compartment is the region located between 

the trophoblast giant cell layer of the chorioallantoic placenta and the outer surface of the 

uterus.  This region includes the uterine mesometrial deciduum, which is located between 

the trophoblast giant cell layer of the chorioallantoic placenta and the inner myometrial 

layer, and the metrial gland.  The latter structure is situated between the inner myometrial 

layer and the outer surface of the uterus.  The chorioallantoic placenta consists of the 

junctional zone and the labyrinth zone.  The junctional zone comprises an area bordered 

by the uterine mesometrial deciduum and the labyrinth zone.  It contains trophoblast giant 

cells, spongiotrophoblast cells, and glycogen cells.  The labyrinth zone is defined as the 

region of the chorioallantoic placenta vascularized by the allantois.  This compartment 
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contains syncytial trophoblast, cytotrophoblast, trophoblast giant cells and fetal 

mesenchyme and its associated vasculature.  Sample size of at least n=5 per treatment.   

Statistical comparisons between two means were determined with Student’s t-test.  

Comparisons among multiple means were evaluated with analysis of variance.  The 

source of variation from significant F-ratios was determined with Newman-Keuls 

Multiple Comparison test (Keppel 1973).  
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RESULTS 

 In these experiments, we have investigated responses of pregnant rats and mice to 

hypoxia.  Both species exhibit maternal hypoxia-driven adaptations that facilitate 

maintenance of pregnancy. 

 

Early gestation maternal hypoxia and rat pregnancy 

Initially we examined the effects of maternal hypoxia during early stages of 

pregnancy in the rat.  Maternal hypoxia (equivalent of 10% oxygen at sea level) was 

initiated after embryo implantation (d 6.5) and terminated at midgestation (d 12.5; Fig. 

1A).  This represents a gestational phase associated with chorioallantoic placenta 

morphogenesis (Davies and Glasser 1968; Enders and Welsh 1993; Georgiades et al. 

2002).  Conditions of pregnancies were assessed on d 12.5 of gestation; numbers of 

healthy or dying/resorbing fetal-placental sites were counted and fetal weights were 

measured.  There were no significant differences in the number of healthy or 

dying/resorbing fetal-placental sites in hypoxia exposed pregnant rats compared to pair-

fed controls (Fig. 1B).  Maternal hypoxia was associated with a significant decrease in 

fetal weight (Fig. 1C). Although the fetuses were smaller they appeared to be at the 

appropriate stage of development (Fig. 1D).  These results reveal that early gestation 

maternal hypoxic exposure has no significant deleterious effects on the number of viable 

fetal-placental sites but when observed at midpregnancy does result in small for gestation 

fetuses.  

 

Early gestation maternal hypoxia and rat pregnancy outcome 
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To identify the effects of low oxygen tension on rat pregnancy outcomes, 

pregnant HSD rats were placed in the equivalent of 10% oxygen from d 6.5 to d 12.5 of 

gestation and then returned to ambient conditions until d 20.5 of gestation (Fig. 2A).  

Litter size, placental weights, and fetal weights were measured at d 20.5 of gestation.  

There were no significant differences in numbers of healthy or dying/resorbed fetal-

placental sites between hypoxia exposed pregnant rats and pair-fed controls (Fig. 2B).  

There was a significant increase in placental weights from hypoxia exposed pregnant rats 

compared to pair-fed controls (Fig. 2C) but significant differences were not observed for 

fetal weights (Fig. 2D).  These results reveal that the growth restriction observed on d 

12.5 in fetuses from pregnant rats exposed to hypoxia is not permanent and can be 

reversed by exposure to ambient conditions.   

 

Late gestation maternal hypoxia and pregnancy outcomes 

To examine the effects of late gestation maternal hypoxia on rat pregnancy 

outcomes, rats were placed in the equivalent of 10%, 12%, or 14% oxygen from d13.5 to 

d 20.5 of gestation (Fig. 3A).  There were no significant differences in numbers of 

healthy or dying/resorbed fetal-placental sites, placental weights, and fetal weights 

between HSD rats exposed to the equivalent of 10% oxygen hypoxia and pair-fed 

controls (Figs. 3B, 3C, and 3D).  Systemic adaptations to hypoxia were observed in the 

pregnant rats and included significant increases in red blood cells, hemoglobin, and 

hematocrit (data not shown).   
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Responsiveness of BN rats to maternal hypoxia was also investigated.  The BN rat 

exhibits a unique pregnancy and placentation phenotype associated with small litter size 

(Konno et al. 2007).  At the equivalent of 10% oxygen, all BN fetal-placental sites were 

dying/resorbed (Fig. 3G).  Increasing atmospheric oxygen to the equivalent of 12% or 

14% oxygen was associated with some improvement in the numbers of viable fetal-

placental sites (Fig. 3G).  Placental weights associated with the viable fetuses did not 

differ between hypoxia exposed and pair fed controls (Fig. 3H).  The viable fetuses were 

significantly smaller in the hypoxia exposed pregnancies (Fig. 3I).  These results suggest 

that the BN rat is more sensitive to late gestation maternal hypoxia exposure than is the 

HSD rat. 

To examine the effects of maternal hypoxia on CD1 mouse pregnancy outcomes, 

mice were exposed to the equivalent of 10% or 12% oxygen from d 11.5 to d 18.5 of 

gestation (Fig. 4A).  Pregnant mice exhibited evidence of successful adaptations to 

hypoxia at the equivalent of 12% oxygen but not at 10% oxygen (Fig. 4B).  At the 

equivalent of 12% oxygen, the numbers of healthy/viable fetal-placental sites and sizes of 

placentas were comparable between hypoxia-exposed and pair fed controls (Fig. 4C).  

Fetal weights were significantly affected by maternal hypoxia (Fig. 4D).   

Collectively the results indicate that there are both species and strain differences 

in sensitivities to maternal hypoxia.    

 

Maternal hypoxia and uterine mesometrial vasculature  

Early gestation rat.  To identify the effects of low oxygen tension on rat 

pregnancy outcomes, pregnant HSD rats were placed in the equivalent of 10% oxygen 
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from d 6.5 to d 12.5 of gestation and mesometrial vasculature compared in hypoxia 

exposed and pair fed controls (Fig. 5A).  Blood vessels were identified by ACTA2 

immunostaining, which correspond to components of the uterine spiral artery network.  

The blood vessel:metrial gland cross-sectional area (BV:MG) in hypoxia exposed was 

significantly greater then the pair fed controls (Fig. 5B).   

 Late gestation rat and mouse.   As gestation progresses, the uterine spiral artery 

network of vessels undergo remodeling, which includes vascular smooth muscle.  This is 

most evident in late gestation within the central-most region of the uterine mesometrial 

compartment. Consequently, hematoxylin and eosin staining was used to identify uterine 

mesometrial blood vessels from late gestation in hypoxia exposed and pair fed rats and 

mice (Fig. 6A).  The uterine mesometrial vasculature associated with viable fetal 

placental sites from pregnant animals exposed to maternal hypoxia exhibited a significant 

increase in BV:MG cross-sectional area (Fig. 6B).   

Therefore, at least part of the maternal adaptive response to hypoxia in the rat and 

mouse includes an increase in the vascularity of the uterine mesometrial compartment.   

 

Maternal hypoxia and angiogenic-related gene expression  

The hypoxia-dependent changes in the vasculature of the uterine mesometrial 

compartment prompted an investigation of gene expression profiles within the 

compartment.  We utilized a focused DNA microarray containing probes known to be 

associated with regulating the vasculature (Oligo GEArray®  Rat Angiogenesis 

Microarray, SuperArray Bioscience).  Pregnant HSD rats were placed in the equivalent 

of 10% oxygen from d 6.5 to d 12.5 of gestation or were exposed to ambient conditions 
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and served as pair fed controls.  At d 12.5 of gestation, rats were sacrificed and the 

mesometrial decidua and metrial glands dissected, and used in the gene profiling 

experiments.  Prominent differences were not observed between treatment and control 

mesometrial decidua (data not shown).  In contrast in the metrial gland, several genes 

exhibited prominent hypoxia-driven increases in expression (Table 1), including Nos3, 

fibroblast growth factor 1 (Fgf1), and midkine (Mdk).  The latter three genes each encode 

proteins known to participate in adaptive responses to hypoxia (Faller 1999; Kuwabara et 

al. 1995; Reynolds et al. 2004).  None of the genes on the array were significantly 

downregulated in response to maternal hypoxia.  Maternal hypoxia significantly impacted 

metrial gland gene expression.  The hypoxia-dependent increase in Nos3 expression was 

the most dramatic response and was the target of further investigation. 

Nos3.  Our next efforts were directed toward verifying the maternal hypoxia-

induced upregulation of metrial gland Nos3 gene expression.  Nos3 mRNA 

concentrations within the metrial gland were evaluated by northern blot analysis.  Early 

gestation hypoxia exposure (equivalent of 10% oxygen from d 6.5 to d 12.5 of gestation) 

led to a significant increase in Nos3 mRNA levels (Fig. 7A), replicating the DNA 

microarray results (see Table 1).  We next examined whether late gestation hypoxia 

exposure (equivalent of 10% oxygen from d 13.5 to 20.5) similarly affected Nos3 

expression.  In contrast to the early gestation hypoxia exposure, there were no apparent 

differences in Nos3 mRNA concentrations after late gestation hypoxia exposure (Fig. 

7B).  However, unlike during midgestation, Nos3 mRNA was readily detected in the 

northern blot analysis of the pair fed controls at gestation d 20.5, which suggested that 

Nos3 might exhibit a gestation-dependent increase in expression.  A gestational-
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dependent increase in Nos3 mRNA was verified (Fig. 7C).  The data indicate that Nos3 

mRNA levels can be regulated at midgestation by hypoxia but become constitutively 

upregulated as gestation progresses.  We next sought to identify the cell type(s) 

responsible for the expression of NOS3 protein in early gestation hypoxia exposed and 

pair fed control pregnant rats.  NOS3 protein was localized to the endothelium of blood 

vessels in the metrial gland of hypoxia exposed pregnant rats but was not readily 

detectable in pair fed control tissues (Fig. 7D).  The results are consistent with Nos3 

being part of a midgestation maternal adaptive response to hypoxia.   

   

Nos3 and pregnancy-associated responses to maternal hypoxia  

NOS3 is an enzyme that is known to catalyze reactions leading to the formation of 

nitric oxide, a potent vasodilator (Förstermann and Münzel 2006).  Such a biological 

activity was consistent with the maternal hypoxia-dependent distention observed within 

uterine mesometrial vasculature.  We hypothesized that NOS3 participated in the 

regulation of uterine vascular adaptations to maternal hypoxia.  In order to test the 

hypothesis, we evaluated pregnancy outcomes in wild-type and Nos3 null pregnant mice 

exposed to early gestation or late gestation hypoxia.  Wild-type and Nos3 null mice were 

exposed to the equivalent of 11% oxygen during early gestation (d 5.5 to d 11.5) and then 

returned to ambient conditions until gestation d 18.5 or alternatively during late gestation 

(d 11.5 to 18.5).  All animals were sacrificed on d 18.5 of gestation.  There was a 

significant increase in the number of dying/resorbed fetal-placental sites in hypoxia-

exposed Nos3 null mice compared to hypoxia-exposed wild-type mice or to pair fed 

controls of either genotype (Fig. 8A and Fig. 9).  Some viable fetal-placental sites were 
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observed following the early gestation maternal hypoxia exposure.  Nos3 null mice with 

viable fetal-placental sites possessed significantly smaller placentas and fetuses than did 

wild-type or pair fed control mice (Figs. 8B and 8C).  The severity of the hypoxia-

induced pregnancy failure was greater during late gestation exposure resulting in almost 

complete death and thus the absence of fetal-placental sites for further examination. 

These results suggest that Nos3 has a critical role in regulating maternal adaptations to 

hypoxia.   
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DISCUSSION 

  The placenta provides an essential linkage between maternal and fetal vascular 

systems facilitating the delivery of oxygen, which is critical for fetal development.  

Oxygen also serves as a regulator of the maternal-fetal interface (Fryer and Simon 2006).  

In this report, we investigated the impact of hypobaric hypoxia on maternal adaptations to 

pregnancy.  Maternal hypoxia stimulated a novel adaptive response characterized by the 

activation of uteroplacental vascular remodeling and Nos3 gene expression.  NOS3 was 

further shown to be a key regulator of the adaptive response.   

 

  Experimental exposure of pregnant rats and mice to hypoxic environments 

impacted placental and fetal development.  Specific responses were dependent upon 

parameters of the hypoxia exposure and the species and strain of experimental animal 

used.   In general, outbred mice are more vulnerable to hypoxia than are outbred rats.  At 

the equivalent of 10% atmospheric oxygen, mouse pregnancies failed, whereas rat 

pregnancies continued and exhibited placental and fetal growth similar to control 

animals.  This species difference may be impacted by several factors, among them being 

a difference in placentation between the two species.   Although placental structure is 

similar in the mouse and rat, the depth of intrauterine trophoblast cell invasion diverges 

between the mouse and rat (Ain et al. 2003).  The CD1 mouse has a shallow trophoblast 

invasion that does not extend beyond the uterine decidual cell layer, while the HSD rat 

exhibits a robust trophoblast invasion that extends beyond the uterine decidual cell layer 

and fills the metrial gland.  Invasive trophoblast cells have been proposed to contribute to 

the regulation of remodeling of the uterine vasculature supplying the placenta (Kaufmann 
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et al. 2003; Red-Horse et al. 2004; Pijnenborg et al. 2006).   The potential significance of 

the invasive trophoblast lineage in adaptations to maternal hypoxia is further supported 

by our observations comparing the impact of maternal hypoxia in HSD and BN rat 

strains.  Outbred HSD rats adapted more effectively to maternal hypoxia than did inbred 

BN rats, whose placentation is characterized by limited intrauterine trophoblast invasion 

(Konno et al. 2007).  Although there is an interesting correlation between intrauterine 

trophoblast invasion and adaptations to maternal hypoxia, a causative relationship is yet 

to be demonstrated.   

  

  Successful adaptations to maternal hypoxia were characterized by specific 

vascular modifications in the uterine mesometrial compartment.  Hypoxia-activated 

vascular remodeling was distinguished by increased metrial gland blood vessel size.  

Examination of placentation in experimental subjects chronically exposed to high altitude 

indicates that the vasculature at the maternal-fetal interface is susceptible to adaptive 

responses.   The decreased oxygen tension at high altitude is associated with a stimulation 

of placental blood vessel development resulting in increased vascularity (Zamudio 2003 ; 

Burton et al. 1996; Penninga et al. 1998; Mayhew 2003; Zhang et al. 2002; Tissot van 

Patot et al. 2003; Tissot van Patot et al. 2004).  Vascularity refers to blood vessel surface 

area to total tissue surface area and can be influenced by blood vessel number and blood 

vessel diameter.  Most of the earlier reports on high altitude and placentation suggested 

that low oxygen tension impacted blood vessel number, while our current observations 

indicate that in our model system vascularity was increased through the regulation of 
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blood vessel diameter. Hypoxia-induced effects on the vasculature represent an adaptive 

response to facilitate nutrient flow to the placenta and fetus.  

 

Insights into mechanisms regulating uterine vascular responses to maternal 

hypoxia were initially gained through morphological analysis of the uterine mesometrial 

blood vessels.  The uterine mesometrial compartment is a dynamic structure during 

pregnancy.  During the last week of gestation in the rat, blood vessels within the central 

region of the uterine mesometrial compartment show a loss of vascular smooth muscle 

integrity (Konno et al. 2007).  This phenomenon is evident in other species with 

hemochorial placentation, including the human, and is proposed to be essential for 

increasing the capacity for blood flow to the placenta (Kaufmann et al. 2003; Red-Horse 

et al. 2004; Zamudio 2003).  Exposure of HSD rats to hypobaric hypoxia from d 6.5 to d 

12.5 of gestation resulted in prominent effects on blood vessel diameter.  Uterine 

mesometrial vascular smooth muscle integrity remained intact under these conditions, 

implicating the potential involvement of regulatory factors acting on the contractile 

nature of the vascular smooth muscle.   

 

Information about potential candidate regulators of the uterine mesometrial 

vasculature was derived from gene expression profiling.  Maternal hypoxia led to an 

increase in metrial gland Nos3 mRNA levels >17 fold above pairfed controls.  Gestation 

stage proved to be critical to the regulation of metrial gland Nos3 gene expression.  

During early stages of gestation, metrial gland Nos3 mRNA levels were low and 

increased in response to maternal hypobaric hypoxia.  In contrast, late in gestation metrial 
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gland Nos3 expression spontaneously increased, while losing its responsiveness to 

maternal hypobaric hypoxia.  Hypoxia has previously been shown to influence NOS3 at 

the maternal-fetal interface (Schäffer et al. 2006; Xiao et al. 2001).  The site of NOS3 

within the midgestation metrial gland in hypobaric hypoxia exposed pregnant rats is the 

endothelium.   Earlier reports have also indicated that Nos3 mRNA and/or NOS3 protein 

is expressed at the maternal-fetal interface (Schäffer et al. 2006; Sladek et al. 1998; 

Takizawa et al. 2002; Hemberger et al. 2003; Yang et al. 2003).  Sites of Nos3 expression 

in these earlier reports included trophoblast cells, natural killer cells, and the vasculature.  

NOS3 is one of three isoenzymes responsible for the conversion of L-arginine to L-

citrullene and the generation of nitric oxide.  NOS3 is responsible for most of the nitric 

oxide produced by blood vessels.  Endothelial cell-derived nitric oxide targets vascular 

smooth muscle, where it promotes relaxation and inhibits proliferation, and can also 

influence intralumenal activities including platelet aggregation and adhesion and 

leukocyte adhesion (Förstermann et al. 2006).   

 

Nitric oxide has been implicated in the regulation of pregnancy-dependent 

vascular responses (Sladek et al. 1997; Weiner and Thompson 1997).  Evidence for the 

involvement of nitric oxide and NOS in pregnancy-dependent and hypoxia-dependent 

vascular responses has been demonstrated through the use of nitric oxide synthase 

inhibitors (Yallampalli et al. 1993; Buhimschi et al. 1995; Buhimschi et al. 1996; Ali et 

al. 1997; Khalil et al. 1998; Podjarny et al. 1999).  More specific insights into the role of 

NOS3 in the biology of pregnancy have been obtained with Nos3 null mice (Moroi et al. 

1998; Hefler et al. 2001a; Hefler et al. 2001b; van der Heijden et al. 2005; Kulandavelu et 
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al. 2006).   During pregnancy in the mouse, NOS3 contributes to the regulation of 

maternal cardiac function (Kulandavelu et al. 2006), blood pressure (Hefler et al. 2001a), 

uterine artery remodeling (van der Heijden et al. 2005), and fetal growth (Hefler et al. 

2001b).  In our experimentation, a functional role for NOS3 in the regulation of 

adaptations to maternal hypoxia was shown with Nos3 null mice.  Mice deficient in Nos3 

exhibited enhanced problems in adapting to maternal hypoxia and a higher incidence of 

pregnancy failure (present study).  This deficit in adapting to maternal hypoxia may relate 

to the observations of van der Heijden and colleagues (van der Heijden et al. 2005).  

These investigators showed that Nos3 null mice possess impairments in pregnancy-

dependent uterine artery remodeling.  Collectively, our observations are consistent with a 

role for NOS3 in the regulation of uterine mesometrial vascular adaptations to maternal 

hypoxia. 

 

  Further work on the regulation of the uterine vascular response to maternal 

hypoxia is merited.  NOS3 is probably one of several factors responsible for mediating 

the hypoxia-activated uterine mesometrial vascular changes. FGF1 and MDK were also 

identified as being upregulated on the angiogenesis gene-related microarray and represent 

excellent candidate regulators of the uterine vascular adaptive response to pursue in the 

future.  It is also important to appreciate that the responses to maternal hypoxia are 

probably dynamic.  The spectrum of responses during the initial hypoxia exposure may 

be entirely different from the responses observed after seven days of hypoxia exposure.  

Considerable data indicate that uterine natural killer cells and invasive trophoblast cells 

participate in the regulation of pregnancy-dependent vascular remodeling (Zamudio 
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2003; Croy et al. 2002; Moffett and Loke 2006); however, their participation in the 

maternal hypoxia-activated uterine vascular responses is unknown.   It may be helpful to 

view uterine vascular responses that occur during normal pregnancy and those occurring 

during pregnancies challenged by exposure to hypoxia as measures from a continuum of 

responses.  Exposure of pregnant animals to hypoxia may exaggerate adaptive responses 

that normally transpire during development.  

 

  In summary, we have discovered a novel adaptive reflex that protects pregnancy 

and allows fetal development to proceed for the duration of pregnancy.  NOS3 is a 

component of the adaptive response to maternal hypoxia.  Exposure of pregnant rats and 

mice to hypoxia provides a novel experimental model system for dissecting regulatory 

mechanisms controlling pregnancy-dependent adaptations, especially those occurring at 

the maternal-fetal interface. 
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FIGURES AND TABLES 

 

Table 1. Effect of maternal hypoxia on angiogenesis-related gene expression in the 

metrial gland.a   

Gene Symbol Fold Changeb 
Nitric oxide synthase 3  Nos3 17.6 ± 3.7 
Fibroblast growth factor 1 Fgf1 6.2 ± 1.6 
Midkine Mdk 5.4 ± 1.1 
Integrin β3 Itgb3 5.3 ± 2.5 
Vascular endothelial growth factor B Vegfb 4.1 ± 1.3 
Epidermal growth factor Egf 4.0 ± 2.1 
Integrin α5 Itga5 3.6 ± 1.2 
Epidermal growth factor receptor Egfr 3.3 ± 0.5 
Vascular endothelial growth factor C Vegfc 2.9 ± 1.7 
CD36 antigen Cd36 2.6 ± 0.3  
Matrix metalloproteinase 2 Mmp2 2.3 ± 0.4 
Fibroblast growth factor 6 Fgf6 2.2 ± 0.4 
Fibroblast growth factor 16 Fgf16 2.0 ± 0.3 
Vascular endothelial growth factor A Vegfa 2.0 ± 0.7 

aAn angiogenesis-related gene DNA microarray (SuperArray Bioscience) was performed 
in triplicate to identify potential regulatory factors involved in the maternal adaptive 
response.   
bFold change ± standard error of the mean. 
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Fig. 1   Effects of early gestation maternal hypoxia on rat pregnancy.  A)  Schematic 

representation of in vivo rat experiments designed to evaluate pregnancy in 

response to maternal oxygen tension.  Pregnant Holtzman Sprague-Dawley (HSD) 

rats were placed in hypobaric chambers where air was circulated at a barometric 

pressure of ~380 Torr, which resulted in an inspired PO2 of ~70 Torr, equivalent 

to breathing 10% O2 at sea level.  Hypoxia exposure was initiated on d 6.5 and 

continued to d 12.5 of gestation when animals were sacrificed (HYP).  

Gestationally matched pair-fed pregnant females exposed to ambient conditions 

were used as controls (N-PF).  B) Numbers of healthy and dying/resorbing fetal-

placental sites in N-PF (n=14) and HYP (n=14) pregnant rats.  C)  Fetal weights 

in N-PF (n=12) and HYP (n=16) pregnancies. Please note the significant decrease 

in fetal weights from pregnancies exposed to hypoxia compared to those in 

normoxia, *P<0.00001.  D)  Images of N-PF and HYP fetuses at d 12.5 of 

gestation.  Please note decrease in fetal size in animals exposed to hypoxia 

compared to those in normoxic conditions.  
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Fig. 2  Effects of early gestation maternal hypoxia on rat pregnancy outcomes.  A) 

Schematic representation of in vivo rat experiments designed to evaluate pregnancy in 

response to maternal oxygen tension.  Pregnant HSD female rats were placed in 

hypobaric chambers where air was circulated at a barometric pressure of ~380 Torr, 

which resulted in an inspired PO2 of ~70 Torr, equivalent to breathing 10% O2 at sea 

level.  Hypoxia exposure was initiated on d 6.5 and continued to d 12.5 when animals 

were returned to normoxia and sacrificed on gestation d 20.5 (HYP).  Gestationally 

matched pair-fed pregnant females exposed to ambient conditions were used as controls 

(N-PF).  B)  Numbers of healthy and dying/resorbing fetal-placental sites in N-PF and 

HYP pregnant rats.  C) Placental weights in N-PF and HYP pregnancies.  Placentas were 

significantly larger in HYP pregnancies (n=6) in comparison to N-PF pregnancies (n=6), 

*P <0.01.  D) Fetal weights in N-PF and HYP pregnancies.  Significant differences in 

fetal weights were not observed.  E) Fetal-placental sites from N-PF rat.  F) Fetal-

placental sites from HYP rat. 
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Fig. 3 Effects of late gestation maternal hypoxia on rat pregnancy outcomes.  A) 

Schematic representation of in vivo rat experiments designed to evaluate 

responses to maternal hypoxia.  Pregnant female rats were placed in the 

equivalent of 10%, 12%, or 14% O2 at sea level during late gestation (d 13.5 to d 

20.5; HYP).  Gestationally matched pair-fed pregnant females exposed to ambient 

conditions were used as controls (N-PF).  B)  Numbers of healthy and 

dying/resorbing fetal-placental sites in N-PF (n=22) and HYP (n=25) Holtzman 

Sprague-Dawley (HSD) pregnant rats.  C) HSD placental weights in N-PF and 

HYP pregnancies.  D)  HSD fetal weights in N-PF and HYP pregnancies.  E) 

Fetal-placental sites from N-PF rat.  F) Fetal-placental sites from HYP rat. 

G) Numbers of healthy and dying/resorbing fetal-placental sites in Brown 

Norway (BN) pregnant rats exposed to the equivalent of 10%, 12% or 14% O2 at 

sea level during late gestation.  Gestationally matched pair-fed BN pregnant 

females exposed to ambient conditions were used as controls (N-PF, n=10). At 

the equivalent of 10% O2 (n=5), all conceptuses were dying/resorbed, while at the 

equivalent of 12% (n=3) or 14% (n=9) O2, there was mixed viability.  

Approximately 50% of the conceptuses were healthy and the other 

dying/resorbed. H) BN placental weights in N-PF and HYP pregnancies. G) BN 

rats fetal weights in N-PF and HYP pregnancies.  Please note that hypoxia 

(equivalent to 12% or 14%) exposure resulted in a decrease in BN fetal weights, 

P<0.0009 (at 12% and 14%).  I) Fetal-placental sites from N-PF rat.  J) Fetal-

placental sites from HYP rat at 10% O2. E) Fetal-placental sites from HYP rat at 

12% O2.  F) Fetal-placental sites from HYP rat at 14% O2. 
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Fig. 3 
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Fig. 4 Effects of late gestation maternal hypoxia on mouse pregnancy outcomes.  A)  

Schematic representation of in vivo mouse experiments designed to evaluate 

responses to maternal hypoxia.  Pregnant female CD1 mice were placed in the 

equivalent of 10% or 12% O2 at sea level during late gestation (d 11.5 to d 18.5; 

HYP).  Gestationally matched pair-fed pregnant females exposed to ambient 

conditions were used as controls (N-PF).  B)  Numbers of healthy and 

dying/resorbing fetal-placental sites in N-PF (n=6), 10%-HYP (n=7), and 12%-

HYP CD1 pregnant mice.  Please note that the 10%-HYP showed significant 

pregnancy loss in comparison to the N-PF or 12%-HYP groups.   C) CD1 

placental weights from N-PF and 12%-HYP pregnancies.  D)  CD1 fetal weights 

in N-PF and 12%-HYP pregnancies.  Please note that fetuses from the 12%-HYP 

pregnancies were significantly smaller than the fetuses from the N-PF 

pregnancies, *P<0.03.  E) Fetal-placental sites in N-PF mouse. F) Fetal-placental 

sites in HYP mouse at 10% O2.  G) Fetal-placental sites in HYP mouse at 12% O2. 
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Fig. 5  Effects of early gestation maternal hypoxia on rat uterine mesometrial 

vasculature.  Hypoxia exposure (equivalent of 10% O2) was initiated on d 6.5 

and continued to d 12.5 of gestation when animals were sacrificed (HYP).  

Gestationally matched pair-fed pregnant females exposed to ambient conditions 

were used as controls (N-PF).  A) ACTA2 staining identifying smooth muscle-

associated blood vessels in the uterine mesometrial compartment.  B) 

Quantification of the ratio of blood vessel to metrial gland (BV:MG) cross-

sectional area in N-PF and HYP pregnancies.  Please note that hypoxia exposure 

increased the BV:MG cross-sectional area, *P<0.01.   
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Fig. 6 Effect of late gestation maternal hypoxia on uterine mesometrial vasculature 

during late gestation in HSD and BN rats and in the CD1 mouse.  HSD rats 

were placed in the equivalent of 10% O2 at sea level during late gestation (d 13.5 

to d 20.5).  BN rats were placed in the equivalent of 12% O2 at sea level during 

late gestation (d 13.5 to d 20.5).  CD1 mice were placed in the equivalent of 12% 

O2 at sea level during late gestation (d 11.5 to d 18.5).  Gestationally matched 

pair-fed pregnant females exposed to ambient conditions were used as controls 

(N-PF).  A) Images of late gestation sections through uteroplacental 

compartments, hematoxylin & eosin staining.  B) Quantification of the ratio of 

blood vessel to uterine mesometrial compartment (BV:UMC) cross-sectional area 

in N-PF and HYP pregnancies.  Maternal hypoxia exposure significantly 

increased the BV:UMC cross-sectional area in HSD rat (*P< 0.01) and CD1 

mouse (*P<0.04) pregnancies.  Sample sizes were at least n=5 per treatment.  Bar 

length = 1mm. 
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Fig. 7 Effects of early gestation maternal hypoxia on expression of Nos3 mRNA in 

the rat uterine mesometrial compartment.  A) Hypoxia exposure (equivalent of 

10% O2) was initiated on d 6.5 and continued to d 12.5 of gestation when animals 

were sacrificed (HYP).  Gestationally matched pair-fed pregnant females exposed 

to ambient conditions were used as controls (N-PF).  Uterine mesometrial 

compartments were dissected and analyzed by northern blotting for Nos3 

expression.  Please note the increase in Nos3 mRNA in uterine mesometrial 

compartments from hypoxia exposed pregnancies.  B)  Hypoxia exposure 

(equivalent of 10% O2) was initiated on d 13.5 and continued to d 20.5 of 

gestation when animals were sacrificed (HYP).  Gestationally matched pair-fed 

pregnant females exposed to ambient conditions were used as controls (N-PF).  

Uterine mesometrial compartments were dissected and analyzed by northern 

blotting for Nos3 expression.  No apparent differences were observed in Nos3 

mRNA levels.  C) Gestational profile of Nos3 mRNA expression in the metrial 

gland of pregnant animals exposed to ambient conditions.  Nos3 mRNA was 

estimated by northern blotting.  Please note the gestation-dependent increase in 

uterine mesometrial compartment’s Nos3 mRNA concentrations. D) Effects of 

early gestation maternal hypoxia on NOS3 protein in rat uterine mesometrial 

compartment.  Hypoxia exposure (equivalent of 10% O2) was initiated on d 6.5 

and continued to d 12.5 of gestation when animals were sacrificed (HYP).  

Gestationally matched pair-fed pregnant females exposed to ambient conditions 

were used as controls (N-PF).  NOS3 protein was readily detectable in the 

endothelium of blood vessels from the uterine mesometrial compartment of HYP 
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pregnancies but was not detectable in this compartment in N-PF pregnancies.  Bar 

length = 10 μm. 
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Fig. 7 
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Fig. 8  Effects of early gestation maternal hypoxia on pregnancy outcomes in Nos3 

null mice.  Nos3 null mice and C57BL/6 wild type control mice were placed in 

the equivalent of 11% O2 at sea level during early gestation (d 5.5 to d 11.5) and 

then returned to normoxia and sacrificed on gestation d 18.5 (HYP).  

Gestationally matched pair-fed pregnant females exposed to ambient conditions 

were used as controls (N-PF).  A) Numbers of healthy and dying/resorbing fetal-

placental sites.  Please note that there was a significant increase in 

dying/resorbing fetal-placental sites of Nos3 null mice exposed to hypoxia, 

*P<0.01.   B) Placental weights from wild-type (N-PF and HYP) and Nos3 null 

(N-PF and HYP) pregnancies.  Please note that Nos3 null placentas from hypoxia 

exposed pregnancies were significantly smaller than Nos3 null placentas from 

pregnancies exposed to pair-feeding and ambient conditions, *P<0.007.  C)  Fetal 

weights from wild-type (N-PF and HYP) and Nos3 null (N-PF and HYP) 

pregnancies.  Please note that Nos3 null fetuses from hypoxia exposed 

pregnancies were significantly smaller than Nos3 null fetuses from pregnancies 

exposed to pair-feeding and ambient conditions, *P<0.007. Significant differences 

between N-PF Nos3 null fetal weights versus N-PF or HYP wild-type fetal 

weights were not apparent.  E) Fetal-placental sites in wild-type N-PF mouse. F) 

Fetal-placental sites in Nos3 null N-PF mouse. G) Fetal-placental sites in wild-

type HYP mouse. H) Fetal-placental sites in Nos3 null HYP mouse. 
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Fig. 9  Effects of late gestation maternal hypoxia on pregnancy outcomes in Nos3 

null mice.  Nos3 null mice and C57BL/6 wild type control mice were placed in 

the equivalent of 11% O2 at sea level during late gestation (d 11.5 to d 18.5, 

HYP).  Gestationally matched pair-fed pregnant females exposed to ambient 

conditions were used as controls (N-PF).  A) Numbers of healthy and 

dying/resorbing fetal-placental sites were recorded at the time of sacrifice (d 

18.5).  Please note that there was a significant increase in dying/resorbing fetal-

placental sites of Nos3 null mice exposed to hypoxia, *P<0.01.  B) Fetal-placental 

sites in wild-type N-PF mouse. C) Fetal-placental sites in Nos3 null N-PF mouse. 

D) Fetal-placental sites in wild-type HYP mouse. E) Fetal-placental sites in Nos3 

null HYP mouse.   
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CHAPTER 5 
 

GENERAL DISCUSSION 
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Our in vivo model of exposing pregnant animals to hypoxia during gestation has 

been a valuable tool to study maternal and placental adaptations.  The following specific 

aims were addressed in this study. 

 

Specific Aim 1: To elucidate the effect of restricted oxygen tension during early 

gestation on changes in placental gene expression.   

 

This aim was the focus of Chapter 3 where members of the PRL family of 

hormones/cytokines were implicated in the adaptive response to hypoxia in the pregnant 

rodent.  In vivo hypoxia stimulated placental PLP-Fα and PLP-E mRNA expression in 

the rat and mouse, respectively.  Rcho-1 trophoblast cells also exhibited enhanced PLP-

Fα mRNA levels when cultured under low oxygen tension.  During these studies, a new 

member of the rat PRL family was identified and characterized, which we have termed 

PLP-Fβ.  A maternal hematological response was also elucidated where in vivo hypoxia 

stimulated maternal red blood cells, hemoglobin concentrations, and hematocrit and 

increased splenic expression of genes involved in hemoglobin synthesis.  We hypothesize 

that PLP-Fα and PLP-E are linked to this hematopoietic response. 

 

Specific Aim 2: To examine the mechanisms underlying hypoxia-induced changes in 

vascularity at the maternal-fetal interface during early gestation.   

 

This aim was addressed in Chapter 4 where maternal hypoxia induced a dramatic 

increase in the size of uterine mesometrial blood vessels.  More in depth studies 
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identified nitric oxide synthase 3 (NOS3) as a key regulator of the maternal adaptive 

response to hypoxia.  Nos3 expression levels were upregulated after in vivo hypoxia 

exposure and mice deficient in Nos3 were not able to adequately adapt after exposure to 

low oxygen tension.  

 

Specific Aim 3: To determine the effects of hypoxia on pregnancy outcomes and 

vascularity late in gestation.   

 

This aim was also addressed in Chapter 4.  The timing, duration, and amount of 

hypoxia exposure were key factors in determining pregnancy outcome.  We observed 

varying sensitivities to hypoxia where there were species and strain differences in the rat 

and mouse.  After maternal hypoxia exposure during late gestation, there was a similar 

vascular response seen from early gestational exposure.  The size of the uterine 

mesometrial blood vessels was significantly increased. 

 

Proposed Model 

In our proposed model, we hypothesize that placental and maternal adaptations 

occur in response to maternal hypoxia (Fig. 1).  This adaptive response involves placental 

production of PLP-E/F, which enters circulation, travels to the bone marrow and spleen, 

and stimulates erythropoiesis.  Compensation also occurs by increasing production of 

Nos3 mRNA and NOS3 protein, which then act to induce vasodilation of the 

uteroplacental vasculature.  These two mechanisms play crucial roles in the adaptive 
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response to hypoxia that allow for adequate oxygen and nutrient delivery to the 

developing fetus.   

 

Clinical Implications 

 

IUGR and Preeclampsia 

Intrauterine growth restriction (IUGR) is a pregnancy-associated condition that 

exhibits a decrease in the fetal growth rate.  The incidence is approximately 8% of human 

pregnancies in the United States (Reynolds et al. 2006).  IUGR has also been linked to an 

increased risk of maternal and perinatal mortality and morbidity.  Various models of 

compromised pregnancies inducing IUGR and/or decreased placental growth have been 

developed through nutrient deprivation, hypoxia, heat stress, and high altitude (Mayhew 

et al. 2004; Thaete et al. 2004; Luther et al. 2005; Reynolds et al. 2006).  These 

compromised pregnancies have been associated with reduced uterine and placental blood 

flow, fetal oxygen, and nutrient uptake (Fig. 2). 

 

Preeclampsia is a maternal syndrome that is characterized by maternal 

hypertension, proteinuria, and edema. As the most frequent pregnancy-related disorder, 

the incidence is approximately 10% of all pregnancies (Vaiman et al. 2005; Vatish et al. 

2006).  This pregnancy-dependent disease is a leading cause of maternal and infant 

mortality and morbidity.  Preeclampsia is associated with reduced uteroplacental blood 

flow, maternal endothelial dysfunction, increased sensitivity to vasoconstrictors, and 

placental oxidative stress (Redman et al. 1999; Roberts and Lain 2002; Zamudio 2007). 
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Taken together, both IUGR and preeclampsia are pregnancy-dependent conditions 

that are associated with aberrant placental and vascular functioning thus preventing 

proper oxygen and nutrient delivery to the developing fetus.  We propose that these 

conditions occur when maternal-placental adaptive responses are disrupted or are 

inadequate.  

 

High Altitude Pregnancy 

Studies on high altitude pregnancies enhance our understanding of adaptations to 

hypoxia and provide additional genetic insights.  Native populations residing at high 

altitude exhibit adaptive responses, which can be distinguished from adaptive responses 

of recent residents of high altitude.  High-altitude ancestry protects against IUGR in an 

Andean population in comparison to Europeans living at high altitude (Julian et al. 2007).  

Another important finding was identified in Tibetan women where higher offspring 

survival was observed in women with high oxygen saturation genotypes (Beall et al. 

2004).  These studies are significant and contribute to our understanding of physiological 

adaptations to pregnancy, fetal programming, and reproductive adaptations in evolution.     

 

NOS3, Placental Development, and Pregnancy 

NOS3 has a crucial role in vascular development during placentation.  Angiogenic 

and vasoactive factors such as NOS3 have been implicated in alterations of placental 

growth and vascular development in compromised pregnancies (Reynold and Redmer 

2001; Redmer et al. 2005; Reynolds et al. 2005).  Mice deficient in Nos3 exhibit lower 
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birth weights, altered cardiovascular function, and an ineffective adaptive response to 

hypoxia during pregnancy (Shesely et al. 1996; present study).  Additionally, animal 

models of preeclampsia have been created through long-term inhibition of NOS activity 

(Podjarny et al. 1999).  These animals display symptoms of hypertension, proteinuria, 

and IUGR.  Collectively, these studies have demonstrated the importance of NO in 

pregnancy. 

 

Nos3 is a factor that has been identified as a potential therapeutic target in 

compromised human pregnancy (Godfrey 2002; Ahmad and Ahmed 2004).  Preliminary 

studies have been promising as dietary supplementation with L-arginine can significantly 

decrease blood pressure in preeclamptic women through stimulation of endothelial 

synthesis and/or bioavailability of nitric oxide (Rytlewski et al. 2005).  Therefore, 

understanding the molecular and cellular mechanisms of Nos3 may contribute to potential 

therapeutic strategies in the future. 

 

Fetal Programming 

Maternal and placental adaptive responses are not only critical to the success of 

pregnancy and the development of the fetus but also impact postnatal health and 

productivity throughout life.  This introduces the concept of fetal programming which 

encompasses developmental origins of adult health and disease, where events in utero 

may determine long-term health outcomes into adulthood (Barker and Clark 1997).  

Insults arising during critical phases of in utero development can have lasting postnatal 

consequences (Barker and Clark 1997; Barker 2007).  These insults may include hypoxia 
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and its resultant oxidative and nitrative stress, which could result in altered placental 

development and may lead to disruptions in fetal programming (Myatt 2006).  For 

example, low birth weight is a strong predictor of disease development in adulthood such 

as diabetes, cardiovascular disease, hypertension, and stroke (Barker and Clark 1997).  It 

has been theorized that a mismatch between prenatal and postnatal environments leads to 

increased risk of disease (Murphy et al. 2006). 

 

This concept of fetal programming becomes evident when Murphy and colleagues 

defined the relationship between the mother, fetus, and placenta (Murphy et al. 2006).  

The mother contributes her genome and her maternal environment to the fetus.  This 

involves maternal development and induction of the pregnancy state that increases 

uterine blood flow, increases nutrient intake, and alters metabolism and behavior, which 

then promotes placental growth and maternal constraint limits fetal growth.  The fetus 

contributes its fetal genome where imprinted genes alter placental function and demands 

nutrients.  The placenta is involved in trophoblast invasion leading to an increase in 

placental blood flow, placental growth, hormone production, and increase in placental 

transporters.  The placenta functions to promote fetal growth.  Therefore, it is important 

to understand pregnancy in relation to the mother, fetus, and placenta in order to truly 

appreciate the significance of their interdependence. 

 

Future Directions 

 

Placental Responses to Hypoxia 
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From our studies, we found a placental adaptive response to hypoxia that involved 

an increase in placental size and an upregulation of placental gene expression.  More 

studies need to be done to determine the nature of the placental response to hypoxia.   

The questions that need to be answered are: 1) Is there a specific functional component of 

the placenta that is responding to the hypoxia?  2) What cell types within the placenta are 

responding to the hypoxic stressor?  3) What are the cellular and molecular mechanisms 

underlying the responses to hypoxia?     

 

Maternal Responses to Hypoxia 

After exposure of pregnant animals to restricted oxygen, maternal red blood cells, 

hemoglobin concentrations, and hematocrit levels were elevated.  There was also an 

increase in expression of splenic genes involved in hemoglobin synthesis.  Future 

directions concerning these responses are: 1) What is the effect of hypoxia on other 

maternal organ systems such as the lungs, heart, and brain? 2) Does hypoxia impact 

hemodynamic factors such as blood pressure, heart rate, and cardiac output? 3) Does the 

systemic response to hypoxia differ during pregnancy?  4) How do placental adaptations 

to hypoxia impact maternal physiology?  For example, more studies need to be conducted 

to elucidate the regulatory roles of members of the PRL gene family (PLP-Fα and PLP-

E) on maternal hematopoiesis. 

 

Uterine Vasculature Response to Hypoxia 

Maternal hypoxia stimulated uterine vascular remodeling, leading to a dramatic 

increase in the size of the blood vessels supplying the placenta.  These remodeling events 
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were associated with an upregulation of Nos3 gene expression and Nos3 was 

demonstrated to contribute to adaptive responses critical to maintaining pregnancy.  

Additional work on the regulation of the uterine vascular responses to maternal hypoxia 

is merited.  We need to address the following questions:  1) What factors impact the 

selection of uterine mesometrial blood vessels for vascular remodeling in response to 

maternal hypoxia?  2)  Do trophoblast cells participate in the regulation of the uterine 

vascular adaptive response?  2) Are there other angiogenic factors involved in the uterine 

vascular adaptive response?  Midkine, vascular endothelial growth factor-B and 

fibroblast growth factor-1 were also upregulated in the metrial gland following maternal 

hypoxia and may represent excellent candidate regulators of the uterine vascular adaptive 

response.  3) Is the uterine vascular adaptive response to maternal hypoxia influenced by 

stage of gestation and duration of hypoxia? 4) Does maternal hypoxia impact 

hemodynamic factors such as blood pressure, heart rate, and cardiac output and do these 

responses affect uteroplacental vascular development?   

 

HSD vs. BN Rat Response to Maternal Hypoxia 

HSD and BN rat models differ in several aspects.  The HSD rat is an outbred 

strain that has a large litter size where trophoblast invasion penetrates the mesometrial 

decidua and throughout the entire metrial gland.  In comparison, the BN rat is an inbred 

strain that has a small litter size, early pregnancy loss, and exhibits more shallow 

trophoblast invasion only penetrating the lower half of the metrial gland (Konno et al. 

2007).  Our results elucidate the varying sensitivities to hypoxia between rat strains and 

suggest unique adaptive responses where the HSD rat utilizes uterine vascular changes 
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while the BN rat focuses its limited resources on fewer fetuses.  Future studies could 

address the following questions: 1) What is the significance of shallow trophoblast 

invasion in placentation in the BN rat?  Does it have a role in the adaptive response to 

hypoxia? 2) What impact does hypoxia have on maternal hemodynamic factors such as 

blood pressure, heart rate, cardiac output?  3) What would be the affect of hypoxia on 

postnatal health in BN rat offspring?  

 

Postnatal Response to Maternal Hypoxia 

 Based on the elegant work of Barker and others we would predict that maternal 

hypoxia utilized in our experimentation to investigate placental and maternal adaptive 

responses would also have more lasting effects on postnatal development and adult 

health.  Such analyses were not performed in our research.  The timing and duration of 

exposure to maternal hypoxia would appear to be critical factors in determining postnatal 

outcomes.  Additionally, we would anticipate that there may also be strain and species 

differences in the responses.    

 

Conclusions 

The studies conducted in this dissertation have investigated some aspects of 

molecular and cellular mechanisms underlying placental and maternal adaptive responses 

to hypoxia.   These placental and maternal modifications aid in the delivery of essential 

nutrients such as oxygen to the fetus to provide for proper development and growth.  

Disruptions in these adaptive responses result in pregnancy-associated disease, which 

may have lasting effects on postnatal health. 



 122

 

Barker and Clark summarized research on maternal adaptation and fetal 

programming most eloquently,  

“If we are to be able to use the information outlined here to prevent disease we 

need to progress beyond epidemiological associations to greater understanding of 

the cellular and molecular processes that underlie them. We need to know what 

factors limit the delivery of nutrients and oxygen to the human fetus; how the 

fetus adapts to a limited supply; how these adaptations programme the structure 

and physiology of the body; and by what molecular mechanisms nutrients and 

hormones alter gene expression. Further research requires a strategy of 

interdependent clinical, animal and epidemiological studies.” 
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  Normoxia    Hypoxia 

 

Fig. 1.  Schematic of proposed in vitro model of hypoxia-induced adaptations in the 

uteroplacental compartment.   
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Fig. 2 Schematic representation of normal uterine vascular remodeling and 

disrupted remodeling of the uterine vasculature and their impacts on fetal 

development.  Deficiencies in uterine vascular remodeling are associated with impaired 

nutrient delivery and fetal hypoxemia, which lead to disorders such as intrauterine growth 

restriction (IUGR), cerebral palsy, and fetal compromise.   
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