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Abstract

Hemochorial placentation is orchestrated through highly regulated temporal and spatial decisions 

governing the fate of trophoblast stem/progenitor cells. Trophoblast cell acquisition of 

specializations facilitating invasion and uterine spiral artery remodeling is a labile process, 

sensitive to the environment, and represents a process that is vulnerable to dysmorphogenesis in 

pathologic states. Hypoxia is a signal guiding placental development, and molecular mechanisms 

directing cellular adaptations to low oxygen tension are integral to trophoblast cell differentiation 

and placentation. Hypoxia can also be used as an experimental tool to investigate regulatory 

processes controlling hemochorial placentation. These developmental processes are conserved in 

mouse, rat, and human placentation. Consequently, elements of these developmental events can be 

modeled and hypotheses tested in trophoblast stem cells and in genetically-manipulated rodents. 

Hypoxia is also a consequence of a failed placenta, yielding pathologies that can adversely affect 

maternal adjustments to pregnancy, fetal health, and susceptibility to adult disease. The capacity of 

the placenta for adaptation to environmental challenges highlights the importance of its plasticity 

in safeguarding a healthy pregnancy.
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INTRODUCTION

Oxygen is an essential nutrient for all cells, including those within the fetus. Red blood cells 

deliver oxygen through the vasculature. Too little or too much oxygen can evoke responses 

directed to reestablishing an oxygen balance that is essential for optimal cellular function 

(Semenza, 2010). Insufficient adaptive responses lead to injury. Thus, oxygen homeostasis is 

vital to survival. Environmental oxygen has also served a broader purpose as a driver of the 

evolution of placental mammals (Falkowski et al., 2005). There is compelling evidence that 
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intrauterine oxygen concentrations and mechanisms controlling oxygen homeostasis 

regulate placentation, affecting both placental structure and function (Fryer and Simon, 

2006; Burton, 2009; Dunwoodie, 2009).

In this review, we focus on hypoxia-dependent adaptive responses associated with rodent 

placentation. For comparative purposes, aspects of hypoxia and uteroplacental biology in the 

human are discussed. Although species differences in placentation exist, structural and 

functional similarities are striking and represent the emphasis of the discussion. The reader 

is also directed to several excellent reviews examining relationships of oxygen, hypoxia, and 

placental development (Graham et al., 2000; Zamudio, 2003; Moore et al., 2004; Fryer and 

Simon, 2006; Cartwright et al., 2007; Burton, 2009; Pringle et al., 2010).

STRUCTURE OF THE MATERNAL-FETAL INTERFACE

The maternal-fetal interface is a dynamic site where uterine and placental structures 

cooperate to promote development of the fetus. These specialized extraembryonic tissues 

create a maternal environment conducive to efficient nutrient delivery to the developing 

fetus. The mouse, rat, and human each possess a hemochorial placenta (Enders and Welsh, 

1993; Georgiades et al., 2002; Soares et al. 2012). Trophoblast cells are the parenchymal 

cells of the placenta and their appearance demarcates the first landmark differentiation event 

during embryogenesis. In this type of placentation, maternal uterine epithelium and 

vasculature are eroded by trophoblast cells, permitting their direct exposure to maternal 

blood (Kaufmann et al., 2003; Pijnenborg et al., 2006). Hemochorial placentation arises 

through interactions of trophoblast cells with two vascular beds: one arising within the 

uterus and the other associated with extraembryonic mesenchyme of the allantois. The latter 

provides a direct connection to the fetus. Trophoblast-vascular bed interactions in the uterus 

versus the allantois are distinct and involve the development of unique specialized 

trophoblast cell populations. Trophoblast cells associated with the uterine vasculature 

maximize the delivery of maternal blood to the placenta, whereas trophoblast cells 

developing in association with the allantoic vasculature efficiently extract nutrients from the 

maternal blood and transport them to the fetal vasculature. Trophoblast cell-directed 

modifications of the uterine vasculature represent adjustments critical to maximizing 

nutrient delivery without damaging the placenta (Burton et al., 2009). Although, this 

morphogenetic process exhibits species-specific features, there are conserved functions and 

regulatory events controlling hemochorial placentation (Pijnenborg et al., 1981; Soares et al., 

2014). In the next few paragraphs, we discuss shared and unique features of placentation in 

the mouse, rat, and human, and address confusions arising from disparate nomenclature 

(Fig. 1).

Mouse

Trophoblast cells arising from the trophectoderm layer of the blastocyst expand as 

trophoblast stem and progenitor cell populations into structures referred to as 

extraembryonic ectoderm and then the chorionic trophoblast and ectoplacental cone. 

Chorionic trophoblast cells, through their interactions with fetal mesenchyme and the basal 

portion of the ectoplacental cone, give rise to the labyrinth zone, which is composed of three 
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trophoblast cellular constituents: trophoblast progenitors and two syncytial trophoblast cell 

layers (Walentin et al., 2016). Initially, trophoblast progenitor cells fuse to form the syncytial 

layers, and later during pregnancy undergo endoreduplication and differentiate into 

specialized trophoblast giant cells lining the maternal vascular space. Syncytial trophoblast 

represents the barrier to the movement of solutes between maternal and fetal compartments 

(Knipp et al., 1999; Watson and Cross, 2005). The ectoplacental cone is the source of 

trophoblast cells comprising the junctional zone, which is situated proximal to a specialized 

uterine stromal cell compartment referred to as decidua. Decidualization defines the process 

of uterine stromal cell differentiation and is associated with the infiltration and expansion of 

natural killer (NK) cells. These cells have a conserved role in regulating uterine spiral artery 

remodeling (Zhang et al., 2011). Junctional zone trophoblast progenitors can undergo 

endoreduplication forming trophoblast giant cells, a major endocrine cell type of the mouse 

placenta, and, also differentiate into spongiotrophoblast cells, glycogen trophoblast cells, 

and invasive trophoblast cells (Soares et al., 1996; Simmons and Cross, 2005; Soares et al., 

2012). The latter migrate into mesometrial uterine spiral arterioles and, as gestation 

progresses, into the mesometrial uterine decidua, and are referred to as endovascular and 

interstitial invasive trophoblast, respectively. In the mouse, trophoblast invasion is restricted 

to the decidua (Adamson et al., 2002; Ain et al., 2003a). As invasive trophoblast cells 

advance, the presence of NK cells in the uterine mesometrial compartment is diminished 

(Ain et al., 2003a). The biology of spongiotrophoblast cells, glycogen trophoblast cells, and 

invasive trophoblast cells is yet to be fully elucidated.

Rat

Much of the organization of the rat placentation site is like the mouse. However, there are 

some key differences, which represent experimental opportunities. A fundamental and 

defining feature of placentation in the rat is the depth of trophoblast cell invasion (Ain et al., 

2003a; Pijnenborg and Vercruysse, 2010; Soares et al., 2012). Interstitial and endovascular 

trophoblast cells migrate deep into the rat mesometrial uterus, through the decidua and 

completely infiltrating the myometrial compartment. Strain differences in the depth of 

trophoblast cell invasion (Konno et al., 2007, 2010, 2011) and responsiveness of 

endovascular trophoblast cell invasion to hypoxia represent additional characteristics of rat 

placentation that can be experimentally exploited (Rosario et al., 2008). This contrasts with 

shallow trophoblast invasion and superficial placentation of the mouse (Adamson et al., 

2002; Ain et al., 2003a). Deep placentation is also a feature of human placentation. In the 

rat, junctional and labyrinth zones are structurally well-defined beginning at gestation day 

(gd) 13.5, and can be readily separated by dissection, permitting biochemical and molecular 

analyses of each compartment (Ain et al. 2006). The interdigitation of these placental zones 

in the mouse prohibits their separation. Collectively, these attributes elevate the rat as an 

animal model for placental investigation (Soares et al. 2012).

Human

The basic framework and functionality are shared by the human and rodent placentas. 

However, this is not always clear because of rodent- and human-specific nomenclature. The 

human placenta can be divided into two major functionally-distinct compartments: (i) 

villous and (ii) extravillous (Georgiades et al., 2002). A villus consists of an outer epithelial 
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compartment and a core consisting of fetal mesenchyme and vasculature. The epithelial 

compartment is composed of an underlying cytotrophoblast (progenitor) layer, which 

declines and becomes discontinuous as gestation advances, and a superficial syncytial layer, 

which is bathed in maternal blood. The syncytial layer acts as a primary barrier controlling 

the trafficking of solutes between maternal and fetal compartments, and thus, is a functional 

equivalent of the rodent labyrinth zone. Extravillous trophoblast columns are operationally 

analogous to the junctional zone of the rodent placenta (Soares et al., 2014). The proximal 

portion of an extravillous column consists of progenitor cytotrophoblast cells that give rise 

to invasive trophoblast lineages (extravillous trophoblast cells), which are initially positioned 

at the distal end of the column. These invasive trophoblast cells move through the uterine 

decidua and myometrial compartments using interstitial and endovascular routes amidst NK 

cells and contribute to uterine spiral arteriole remodeling, tasks shared with rat invasive 

trophoblast cells. A hallmark of human placental disease is the failure of invasive 

trophoblast-directed uterine spiral artery remodeling (Brosens et al. 2011). Collectively, the 

essence of hemochorial placentation in the human exhibits remarkable conservation with the 

mouse and especially the rat (Fig. 1), justifying the utilization of animal models for 

investigation of fundamental properties of hemochorial placentation.

OPERATIONAL DEFINITIONS OF HYPOXIA AND NORMOXIA

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

oxygen state: (i) hypoxia and (ii) normoxia. Use of these 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., 

activation of a hypoxia signaling pathway, including hypoxia inducible genes, etc; Bruick, 

2003; Semenza, 2010; see below). Normoxia is an especially problematic descriptor. For 

example, during the normal course of pregnancy, oxygen concentrations within the uterus 

change dramatically (Zamudio, 2003; Burton, 2009). 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 (sea level: 

20.9%), which should not be denoted 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.

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, 2010). HIF is composed of two subunits: an α regulatory subunit sensitive to 

oxygen and a constitutively expressed oxygen insensitive β-subunit (HIF1B) also referred to 

as aryl hydrocarbon receptor translocator (ARNT). The mammalian genome contains three 
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α subunit genes: (i) HIF1A, (ii) HIF2A, also called endothelial PAS domain protein 1 

(EPAS1), and (iii) HIF3A. HIF1A possesses the broadest tissue distribution and is the most 

thoroughly studied. Oxygen regulates the availability of HIF α subunits. Under oxygen 

replete conditions HIF α subunits become hydroxylated on prolyl residues by a family of 

oxygen sensitive prolyl hydroxylases (PHD1, PHD2, and PHD3, also referred to as the 

EGLN family) facilitating HIF α subunit association with the von-Hippel-Lindau (VHL) 

protein, leading to its ubiquitination and subsequent proteasome-mediated degradation 

(Kaelin and Ratcliffe, 2008). During conditions of low oxygen, the HIF α protein is 

stabilized allowing it to interact with ARNT, recruit the requisite coactivators [CREB 

binding protein (CBP), E1A binding protein p300, (EP300)], and bind to hypoxia regulatory 

elements (HREs) associated with target genes encoding proteins regulating adaptations to 

hypoxia. The transcriptional activity of HIF can also be modulated by other relevant 

regulatory proteins. An oxygen sensitive asparaginyl hydroxylase termed factor inhibiting 

HIF (FIH1 or HIF1AN) post-translationally modifies the C-terminal transactivation domain 

of HIFα subunits, especially HIF1A, disrupting their ability to interact with CBP/EP300 

coactivators (Kaelin and Ratcliffe, 2008). CBP/EP300-interacting transactivator-2 (CITED2) 

serves as a negative feedback modulator of HIF transcriptional activity. CITED2 is hypoxia 

responsive and out competes HIF α for CBP/EP300 (Bhattacharya et al. 1999; Freedman et 

al. 2003; Berlow et al. 2017). Copper metabolism MURR1 domain 1 (COMMD1) interacts 

with HIF1A, leading to its instability and interfering with its dimerization to ARNT and its 

transcriptional activities (van de Sluis et al., 2007, 2009, 2010). FIH1, CITED2, and 

COMMD1 each act to negatively regulate HIF transcriptional activity. A simplified overview 

of cellular responses to hypoxia is presented in Fig. 2. It is also important to appreciate that 

several components of the HIF signaling pathway can be regulated independent of oxygen 

tension (Greer et al., 2012). Additional details of the cellular response to hypoxia can be 

found elsewhere (Bruick, 2003; Kaelin and Ratcliffe, 2008; Majmundar et al., 2010; 

Semenza, 2010).

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 (approximately 8% O2) during the second trimester 

of gestation (Rodesch et al., 1992; Jauniaux et al., 2001). Although comparable 

measurements have not been reported in rodents, pimonidazole-reactive placentation-

associated structures and activation of a hypoxia/HIF reporter system have been detected and 

are indicative of exposures to low oxygen during critical early phases of normal gestation 

(Lee et al., 2001; Pringle et al., 2007; Leno-Duran et al., 2010; Chakraborty et al., 2011; 

Kenchegowda et al., 2017). We also gain insight from assessment of the stabilization of 

HIF1A and EPAS1 proteins, which are critically dependent upon oxygen tension. Both HIF 
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α proteins are stabilized during early pregnancy, representing the formative stages of 

placentation (Caniggia et al., 2000; Rajakumar and Conrad, 2000; Letta et al., 2006; Pringle 

et al., 2007). Low oxygen tensions of the placentation site during early gestation may be 

facilitated by the presence of invasive trophoblast occluding the uterine spiral arterioles 

(Burton et al., 1999; Ain et al., 2003a) and can be viewed 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).

HIF signaling pathway 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 (Fryer and 

Simon, 2006; Dunwoodie, 2009; see Table 1).

HIF subunits—Placentation has been investigated in mice possessing null mutations of 

Arnt, Hif1a, and Epas1. Arnt deficient mice exhibit a defect in placentation that leads to 

midgestation (gd, 9.5 to 10.5) lethality (Kozak et al., 1997; Maltepe et al. 1997; Abbott and 

Buckalew, 2000; Adelman et al., 2000). Specifically, there is a failure in maturation of the 

fetal vasculature within the labyrinth zone. Junctional zone trophoblast progenitor cells are 

also adversely affected, especially those destined to spongiotrophoblast and invasive 

trophoblast lineage differentiation (Adelman et al. 2000). Hypoxia and HIF signaling 

promote rodent TS cell development into invasive trophoblast (Adelman et al. 2000; Cowden 

Dahl et al. 2005b; Chakraborty et al. 2011; Chakraborty et al., 2016). Similar observations 

of hypoxia-driven invasive trophoblast/extravillous trophoblast development from human 

progenitor trophoblast cells have also been reported (Robins et al., 2007; Chakraborty et al., 

2016; Horii et al., 2016; Wakeland et al., 2017). Disruption of Hif1a leads to midgestation 

(gd 10.5) embryonic death (Iyer et al., 1998; Ryan et al., 1998; Kotch et al., 1999). Hif1a 
null placentas show deficits in labyrinthine vascularization and junctional zone growth, but 

are not as severe as the Arnt null placental phenotype. Modest placental disruptions are 

observed in placentation sites with a null mutation of Epas1; while, Hif1a/Epas1 double 

nulls exhibited placental phenotypes resembling Arnt nulls (Cowden Dahl et al., 2005a). 

Expansion of junctional zone trophoblast progenitors and their differentiation may be linked 

to hypoxia/HIF-dependent regulation of Achaete-scute family BHLH transcription factor 2 

(ASCL2; Cowden Dahl et al., 2005a). ASCL2 is also regulated by hypoxia/HIF-signaling in 

human cytotrophoblast cell populations, supporting conservation in disparate species 

possessing hemochorial placentation (Jiang et al., 2000; Jiang and Mendelson, 2003). 

Hypoxia/HIF-driven development of the invasive trophoblast lineage is mediated in part by 

lim domain kinase 2 (Choi et al. 2013; Zhou et al. 2014) and the epigenetic regulator lysine 

demethylase 3A (KDM3A) and its downstream target, matrix metalloproteinase 12 

(MMP12; Chakraborty et al. 2016). In the absence of HIF signaling, trophoblast 

differentiation favors labyrinthine trophoblast derivatives (Cowden Dahl et al., 2005a; 

Maltepe et al., 2005). Hypoxia antagonism of labyrinthine trophoblast development may be 

mediated via downregulation of peroxisome proliferator-activated receptor γ (PPARG, 

Tache et al., 2013).
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HIF subunits are also prominently expressed in the mouse uterus during the establishment of 

pregnancy (Daikoku et al. 2003). Natale and Fisher and colleagues (Kenchegowda et al., 

2017) conditionally disrupted Hif1a in maternal tissues at gd 8.5. Maternal Hif1a deficiency 

was associated with small placentas and disruptions in uterine NK cell accumulation and 

decidual interstitial trophoblast invasion.

Finally, the importance of HIF activation in the maternal liver on placentation has also been 

explored. Overexpression of adenoviral vector packaged cytomegalovirus promoter driven 

constitutively active HIF1A at gd 8 in the mouse results in prominent HIF1A expression in 

the liver, growth restriction of the placenta and fetus, without affecting the organization and 

morphology of the placenta (Tal et al., 2010).

Collectively, it is evident that HIF signaling within trophoblast cells at the uterine interface 

regulates hemochorial placentation.

PHD2—Of the three prolyl hydroxylase domain proteins (PHD1, PHD2, and PHD3), only 

mutation of the Egln1 gene, which encodes PHD2, affects placentation (Takeda et al. 2006). 

Egln1 deficiency interferes with mouse embryonic development, resulting in prenatal death 

between gd 12.5 and 14.5 and yields prominent effects on placental development. The 

junctional zone and its cellular constituents are expanded and labyrinthine development is 

compromised. Similar disruptive effects on placental development are also observed 

following transgenesis with Egln1-specific short hairpin RNA (Ozolins et al. 2009). Such a 

phenotype is consistent with removal of HIF inhibition and the above discussion of HIF 

signaling on trophoblast development.

VHL—Inactivation of the Vhl gene in the mouse leads to failures at the placental-fetal 

interface and embryonic lethality between gd 10.5 and 12.5 (Gnarra et al., 1997). The 

labyrinth zone fails to vascularize and syncytial trophoblast within the labyrinth zone does 

not develop properly. Disruption of VHL should lead to constitutive HIF signaling, which 

could foretell an expansion of the junctional zone at the expense of the labyrinth zone. 

Unfortunately, the integrity of the junctional zone and its trophoblast derivatives was not 

described in Vhl null placentas.

FIH1—The Fih1 gene has been globally disrupted (Zhang et al. 2010). Body weights are 

decreased at birth in Fih1 null mice, which could imply a defect in placental function. 

However, placental or pregnancy impairments were not reported. Adult Fih1 mutants 

possess significant disturbances in metabolic function (Zhang et al. 2010).

CITED2—CITED2 modulates interactions between transcription factors and CBP/EP300, 

which includes HIF (Bhattacharya et al. 1999; Freedman et al. 2003; Berlow et al. 2017). 

The outcomes of these interactions with CITED2 are transcription factor-specific. In some 

instances, CITED2 facilitates coupling of a transcription factor with CBP/EP300 (Bamforth 

et al. 2001), while in other instances CITED2 interferes with transcription factor-CBP/

EP300 recruitment (Freedman et al. 2003; Lou et al. 2011; Berlow et al. 2017). As indicated 

above, CITED2 interferes with HIF-CBP/EP300 interactions and inhibits HIF-driven gene 

expression (Freedman et al. 2003; Berlow et al. 2017). CITED2 is prominently expressed in 

Soares et al. Page 7

Birth Defects Res. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trophoblast cells of mouse and rat placentas (Withington et al. 2006; Moreau et al. 2014; 

Dhakal et al. 2016). Mutagenesis of the Cited2 gene in the mouse is associated with deficits 

in placental growth leading to in utero death, beginning at gd 14.5 (Withington et al. 2006; 

Moreau et al. 2014; Dhakal et al. 2016). All trophoblast lineages are negatively affected by 

CITED2 deficiency, as is vascularization of the labyrinth zone (Withington et al. 2006; 

Moreau et al. 2014). Cited2 gene deletion in the rat negatively affects placental growth, but 

does not compromise placental-fetal survival through pregnancy (Dhakal et al. 2016; P. 

Dhakal and M.J. Soares, unpublished findings). Cited2 mutant placental phenotypes are 

complex, due to the wide range of transcription factors utilizing CBP/EP300, and thus, likely 

extend beyond the influence of HIF signaling on placentation. Furthermore, observations in 

the mouse and rat reflect some similarities and differences for the role of CITED2 as a 

regulator of placentation.

COMMD1—Null mutation of Commd1 results in lethality between gd 9.5 and 10.5 and a 

placental phenotype resembling Vhl deficiency, e.g., failure of labyrinthine vascularization 

(van de Sluis et al., 2007).

miR-210—The hypoxia regulated micro RNA, miR-210, has been implicated as a 

downstream effector of HIF action (Ivan and Huang, 2014), and its expression is reported to 

be dysregulated in placental pathologies (Lee et al. 2011). However, genetic ablation of 

miR-210 or placental specific overexpression does not adversely affect placentation or 

placental adaptations to hypoxia (Krawczynski et al. 2016).

Overview—Key components of the hypoxia/HIF signaling pathway are essential 

contributors to the regulation of hemochorial placentation during the normal course of 

gestation. Their disruption curtails specific morphogenetic events critical to the formation of 

a healthy placenta. It is also necessary to acknowledge that other cellular signaling pathways 

(e.g., mTOR and endoplasmic reticulum stress pathways) can respond to low oxygen 

(Burton et al., 2010); however, their integration into the role of hypoxia in placental 

development is less well understood and will not be discussed further.

EXPERIMENTAL MANIPULATION OF OXYGEN

Analyses of the effects of hypoxia on hemochorial placentation have utilized both in vitro 
and in vivo model systems. Manipulating oxygen tensions in cultured trophoblast cells 

provides insights into “cellular potential” and when coupled with in vivo experimentation 

can be physiologically relevant.

In vitro model systems

There is a wide range of trophoblast cell culture systems that have been utilized to 

investigate responses to low oxygen tensions. These include an assortment of transformed 

and immortalized trophoblast cell lines, primary trophoblast cells, trophoblast stem (TS) 

cells, and TS-like cells (Kliman et al., 1986; Faria and Soares., 1991; Tanaka et al., 1998; 

Asanoma et al., 2011; Lee et al., 2016). Transformed and immortalized cell lines are easy to 

culture and manipulate, but possess limitations regarding their relevance to trophoblast cells 

of the placenta (Lee et al., 2016). Primary trophoblast cells isolated from the placenta can 
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possess elements of authentic behavior; however, in most cases, have limited proliferative 

capacity and plasticity, and can show dysregulation reflecting displacement from their in situ 
residence. First and second trimester primary trophoblast cells exhibit some plasticity and a 

broader range of responsiveness to low oxygen than do term trophoblast cells, but can be a 

challenge to obtain. TS cell models are extraordinary in that they can be maintained in a 

stem state and expanded or induced to differentiate into specialized trophoblast lineages 

(Faria and Soares, 1991; Tanaka et al., 1998; Asanoma et al., 2011). Thus far, TS cells have 

been successfully derived from mouse and rat blastocysts, but not human blastocysts 

(Tanaka et al., 1998; Asanoma et al., 2011; Kunath et al., 2014). Human embryonic stem 

cells and induced pluripotent stem cells exhibit the capacity to differentiate along the 

trophoblast lineage (Xu et al., 2002; Renaud et al., 2015; Horii et al., 2016), and have been 

used to investigate potential mechanisms controlling human trophoblast cell differentiation 

(Ezashi et al., 2012). However, their relevance for elucidating regulatory mechanisms 

controlling trophoblast cell development has been debated (Roberts et al., 2014; Lee et al., 

2016; Soares and Vivian, 2016). Below we focus on developmental events sensitive to 

oxygen tension, and describe salient findings from investigations using rodent TS cells and 

human primary trophoblast cells.

In vitro analyses

Oxygen tension and TS cell development—In vitro analyses with TS cells have been 

instructive and suggest that HIF signaling is critical for trophoblast cell lineage 

development. TS cells typically differentiate into trophoblast cell lineages of the junctional 

zone; however, TS cells lacking ARNT or those that are doubly deficient in HIF1A and 

EPAS1 preferentially differentiate into trophoblast cell lineages of the labyrinth zone 

(Cowden Dahl et al., 2005a; Maltepe et al., 2005).

Exposure of TS cells to low oxygen can disrupt differentiation towards a trophoblast giant 

cell phenotype and instead promote development of the invasive trophoblast cell lineage 

(Cowden Dahl et al., 2005a; Cowden Dahl et al., b; Gultice et al., 2006; Chakraborty et al., 

2011, 2016). These responses are dependent upon HIF signaling, which redirects the 

epigenetic landscape and gene expression of trophoblast cells (Chakraborty et al., 2011, 

2016). Hypoxia-dependent HIF activation drives pivotal events, including the 

downregulation of E-cadherin and upregulation of KDM3A, which promotes the expression 

of MMP12 and a pro-invasive phenotype (Chakraborty et al., 2011, 2016). TS cell responses 

are dependent upon oxygen tension (Gultice et al., 2009; Zhou et al., 2011). Low oxygen 

(~0.5%) slows cellular expansion and promotes differentiation, oxygen concentrations 

approximating 2% are most conducive to cell proliferation and antagonize differentiation, 

while ambient oxygen exhibits intermediate effects on TS cell proliferation and 

differentiation (Zhou et al., 2011; Xie et al., 2014; Yang et al., 2016). The in vitro response 

to hypoxia includes an upregulation in the expression of Ascl2 mRNA (Cowden Dahl et al., 

2005a). ASCL2 is a transcription factor that is essential for the development of the 

junctional zone (Guillemot et al., 1994). A deficiency in ASCL2 leads to placental 

insufficiency and pregnancy failure. TS cell responses to low oxygen can also be modulated 

by other cellular regulators, including connexin 31 (Koch et al., 2012), extracellular matrix 

composition (Choi et al., 2013), and PPARG (Tache et al, 2013).
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Oxygen tension and human trophoblast cells—Parallels between TS cell and human 

trophoblast cell responses to low oxygen have been observed. Low oxygen can promote 

human trophoblast cell proliferation and inhibit differentiation (Alsat et al., 1996; Genbacev 

et al., 1996; Genbacev et al., 1997; Nelson et al., 1999; Caniggia et al., 2000; Jiang et al., 

2000) and have profound effects on the trophoblast cell epigenetic landscape (Yuen et al., 

2013). Under appropriate conditions, low oxygen exposure can also facilitate development 

of the human invasive trophoblast lineage, as indicated by an increase in human leukocyte 

antigen-G expression (Robins et al., 2007; Horii et al., 2016; Wakeland et al., 2017). 

Hypoxia-dependent activation of the invasive trophoblast lineage is dependent upon HIF 

signaling (Wakeland et al., 2017) and HIF-dependent downregulation of E-cadherin 

(Arimoto-Ishida et al., 2009). ASCL2 is also upregulated by low oxygen in human 

trophoblast cells and is viewed as one of the mediators of the inhibitory effects of hypoxia 

on syncytial trophoblast development (Jiang et al., 2000; Jiang and Mendelson, 2003).

Overview—In vitro investigations of oxygen tension manipulation and trophoblast cell 

development have been fraught with inconsistencies and confusion (James et al., 2006; Tuuli 

et al., 2011). Nonetheless, it is apparent that developmental state defines trophoblast cell 

responses to low oxygen. Trophoblast cells exhibiting maximal plasticity have the potential 

for a diversity of behaviors that are influenced by the concentration and duration of oxygen 

exposures. In general, oxygen tensions present in utero during early gestation are sufficient 

to activate HIF signaling and promote trophoblast cell expansion. During this time, there is 

an allocation of progenitors to specialized trophoblast cell lineages. Deficits in oxygen 

delivery favor differentiation of the invasive/extravillous trophoblast cell lineages. Increasing 

oxygen tensions may serve as a stimulus for the movement of trophoblast cells committed to 

the invasive/extravillous trophoblast cell lineage (Huppertz et al., 2009). Finally, it is 

important to acknowledge that in vivo physiological oxygen exposures cannot be readily 

achieved in a static tissue culture system. In vivo cellular responses to hypoxia are 

accompanied by changes in the intrauterine microenvironment and complex maternal 

systemic adaptations. Thus, in vitro analyses of the role of oxygen tension in trophoblast 

development are approximations of a reality that is best supported by in vivo investigations.

In vivo model systems

The mouse and rat have been extensively utilized to investigate the effects of hypoxia on 

placental development. Pregnant animals can be acutely or chronically exposed to hypoxic 

conditions using hypobaric or gas-regulated chambers. Some analyses in rodents and 

primates have been obtained from manipulations of the vasculature designed to limit uterine 

oxygen delivery. In general, the objectives of most experiments have been to elucidate 

responses to the potentially injurious effects of low oxygen leading to placental pathology 

and fetal growth restriction. Other research efforts have focused on disease states, or from 

individuals inhabiting high altitudes. Unlike in vitro experimentation, it is important to 

appreciate that in vivo conditions are dynamic and accompanied by efforts to adapt to the 

environmental challenge and attempts to achieve a favorable homeostatic balance.
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In vivo analyses

Experimental oxygen manipulation in chambers—In vivo responses to maternal 

hypoxia are complex. Experimental exposure of pregnant rodents to hypoxic environments 

can impact placental and fetal development. The specific effects are dependent upon the 

magnitude, duration, and the gestational timing of the hypoxia (Huang et al., 2004; Higgins 

et al., 2016).

Some exposures to maternal hypoxia result in placental adaptations (Ain et al., 2004; 

Schäffer et al., 2006; Alam et al., 2007; Rosario et al., 2008; Chakraborty et al., 2011, 2016; 

Bu et al., 2016; Higgins et al., 2016; Matheson et al., 2016). Maternal hypoxia can lead to an 

increase in vascularity of the uterine mesometrial compartment, expansion of the junctional 

zone, and enhanced endovascular trophoblast invasion and endovascular trophoblast-guided 

uterine spiral artery remodeling (Rosario et al., 2008; Chakraborty et al., 2011, 2016; Bu et 

al., 2016; Fig. 3). Critical periods of placentation site sensitivity to hypoxia have been 

defined in the rat (Rosario et al., 2008). Hypoxia exposure between gd 8.5 and 9.5 is critical 

for activation of endovascular trophoblast invasion on gd 13.5, whereas, the window of 

sensitivity for junctional zone expansion is broader. Pregnant mice respond to hypoxia with 

a junctional zone enlargement, but not a stimulation of endovascular trophoblast invasion 

(Bu et al., 2016). Increased trophoblast proliferation is characteristic of hypoxia-exposed 

guinea pigs (Thompson et al., 2016). There is also evidence of sexually dimorphic placental 

responses to hypoxia exposures (Matheson et al., 2016).

Severe, prolonged, or temporally-sensitive exposures to maternal hypoxia can lead to 

placental growth restriction and diminished trophoblast invasion (Kimball et al., 2015), 

narrowing and increased vascular resistance of fetoplacental arteries (Jakoubek et al., 2008; 

Hampl and Jakoubek, 2009; Hvizdosova-Klescova et al., 2013), alterations in the placental 

transcriptome (Huang et al., 2004; Gheorghe et al., 2007), placental injury (Tomlinson et al., 

2010; Bobek et al., 2013), impaired fetal glucose utilization (Sakuragawa et al., 1988), and 

fetal growth restriction (Nelson et al., 1975; De Grauw et al., 1986; Faridy et al., 1988; 

Tapanainen et al., 1994; Lueder et al., 1995; Schwartz et al., 1998; Kimball et al., 2015; 

Higgins et al., 2016; Matheson et al., 2016). Hypoxia-induced placental injury can be 

monitored by magnetic resonance imaging (Tomlinson et al., 2010; Bobek et al., 2013). 

Chronic maternal hypoxia in the rat (10.5% O2 — gd 6 to 20) results in elevated blood 

pressure, impairments in trophoblast invasion and uterine spiral artery remodeling, and fetal 

growth restriction (Zhou et al., 2013). A similar phenotype has been reported in the pregnant 

guinea pig exposed to chronic hypoxia (10.5% O2 — gd 20 to 40 or gd 20 to 60–65; 

Thompson et al., 2016). In the rat, these pathologies can be moderated by treatment with an 

endothelin-1 type A receptor antagonist (Zhou et al., 2013).

It is important to appreciate that exposure to hypoxia can affect other aspects of maternal 

physiology, including food intake, which can also impact placentation (Higgins et al., 2016).

Restriction of uterine vascular perfusion—Experimental manipulations have been 

performed to mechanically restrict blood flow to the uterus and thus the movement of 

nutrients, including oxygen to the placenta. Such research models have been established to 

investigate maternal impacts on hemochorial placentation, and are referred to as reduced 
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uterine perfusion pressure (RUPP) models (Li et al., 2012). In the rat, clips are applied to the 

aortic and uterine vessels on gd 14, decreasing uterine blood flow by approximately 40%. 

Maternal hypertension and kidney pathology ensues. The placenta exhibits hypoxia, 

stabilization of HIF1A, and shifts in gene expression (Granger et al., 2002; Gilbert et al., 

2009; George et al., 2014). Many of the pathologies associated with the RUPP rat model can 

be ameliorated via treatment with a PPARG agonist (McCarthy et al., 2011). A similar 

restrictive manipulation of the abdominal aorta of the pregnant rhesus monkey results in an 

increase depth of intrauterine interstitial trophoblast cell invasion (Zhou et al., 1993).

Placental disease—Disruptions in oxygen homeostasis are associated with human 

placental disease. Preeclampsia is a disorder characterized by maternal hypertension, kidney 

glomerular injury, uteroplacental disruptions, fetal health concerns, and pre-term birth 

(Myatt and Roberts, 2015). Hallmarks of early onset preeclampsia are deficits in intrauterine 

trophoblast invasion and trophoblast-guided uterine spiral artery remodeling (Kaufmann et 

al., 2003; Pijnenborg et al., 2006; Brosens et al., 2011). Failures in uterine spiral artery 

remodeling result in poor placental perfusion, endothelial dysfunction, and hypoxia. A 

characteristic feature of a preeclamptic placenta is an upregulation of hypoxia/HIF signaling 

(Rajakumar et al., 2001, 2004; Caniggia and Winter, 2002; Vaiman et al., 2005; van Uitert et 

al., 2015; Korkes et al., 2017). There is some evidence for disruptions of oxygen sensing 

(Rolfo et al., 2010) and disruptions in proteasomes responsible for HIF α protein 

degradation in preeclamptic placentas (Rajakumar et al., 2008). Hypoxia associated with 

preeclampsia is a consequence of failed placentation.

Hypoxic states associated with disease can also drive trophoblast invasion and vascular 

remodeling. Huppertz and colleagues (Kadyrov et al., 2003) have demonstrated that 

maternal anemia, a systemic state of attenuated oxygen delivery, is associated with an 

increase in the depth of intrauterine trophoblast invasion. This finding is consistent with 

observations made with the primate RUPP model (Zhou et al., 1993) and with the hypoxia-

exposed rat model (Rosario et al., 2008).

High altitude—Comparisons of pregnant humans exposed to sea level and higher altitudes 

possessing diminished oxygen concentrations have been investigated. Several reports 

indicate an impact on placental morphology at elevations of 2500 meters and above (Palmer 

et al., 1999; Zamudio 2003; Moore et al. 2004; Tissot van Patot et al., 2009). Such studies 

have focused on populations, which have recently migrated to cities located at higher 

altitudes (within three generations). The decreased oxygen tension at high altitude stimulates 

placental blood vessel development, resulting in increased vascularity (Burton et al. 1996; 

Mayhew 2003; Zhang et al. 2002; Tissot van Patot et al. 2003, 2004; Zamudio 2003). This 

represents an adaptive response to facilitate nutrient flow to the placenta and fetus. Blood 

vessel development at the placentation site is stimulated at high altitude, resulting in 

alterations to the vasculature, particularly, an increase in fetal capillary density and the 

number of uteroplacental arteries (Burton 2001; Tissot van Patot et al., 2003, 2004), a 

decrease in remodeling of the decidual ends of the uteroplacental arteries (Tissot van Patot et 

al., 2003), and an increase in uterine artery blood flow (Moore et al., 2011). HIF1A protein 

is stabilized at high altitude and HIF targets (e.g., vascular/endothelial growth factor, 
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erythropoietin, etc) activated (Zamudio et al., 2007). Adenosine monophosphate-activated 

protein kinase-α1 has been implicated in increased blood flow associated with high altitude 

pregnancies (Skeffington et al., 2016). Fetal growth restriction is a common feature of 

pregnancies at high altitude (Moore et al., 2004). Preeclampsia is also more frequent at 

higher altitudes (Moore et al., 2004; Tissot van Patot et al., 2009).

There are other human populations indigenous to the Andes, Ethiopia, and Tibet, which 

represent altitude-adaptive natives (Bigham, 2016). These individuals have acquired 

uteroplacental adaptations that enhance pregnancy performance, fetal growth, and facilitate 

offspring survival (Hochachka and Rupert 2003; Beall et al. 2004; Zamudio et al., 2007). 

Most interestingly, these populations possess polymorphisms in genes that are directly 

linked to hypoxia-dependent adaptations (Bigham, 2016). Among the targeted loci are genes 

encoding key components of the HIF signaling pathway, including HIF1A, EPAS1, EGLN1, 

etc., which have also been linked to placentation (see above). Connections between 

polymorphisms in the HIF signaling pathway, adaptations to high altitude, and preeclampsia 

have recently been discussed (Ahmed et al., 2017). Evolutionary selection drives 

optimization of reproductive performance for a given set of environmental conditions, e.g., 

oxygen tension. Mobility of populations creates mismatches in the efficiencies of hypoxia-

dependent adaptive mechanisms and environmental challenges, and the potential for 

pathologies (Petousi and Robbins, 2014).

Overview—Local oxygen concentrations during critical phases of placentation dictate the 

extent of trophoblast-directed uterine vascular remodeling and the development of the 

trophoblast-fetal vascular nutrient delivery system. Hypoxia exposures can elicit adaptations 

or they can overwhelm adaptive measures, resulting in structural and functional deficits in 

the placenta.

VASOACTIVE REGULATORS CONTROLLING OXYGEN DELIVERY TO THE 

PLACENTATION SITE

Regulatory processes controlling uteroplacental vascular connectivity can affect oxygen 

delivery and placental development.

NOS3

Endothelial nitric oxide synthase (ENOS, also called NOS3) is expressed in endothelial 

cells, is responsible for the biosynthesis of nitric oxide (a potent vasodilator), and has been 

linked to vascular homeostasis (Li and Forstermann, 2000) and adaptations at the 

placentation site (Boeldt et al., 2011). Pregnant mice with Nos3 null mutations are 

hypertensive, resulting in placental hypoxia, disrupted placental transport, and fetal growth 

restriction (Kulandavelu et al., 2012; Kusinski et al., 2012). Maternal Nos3 deficiency 

adversely affects uteroplacental vascular adaptations, whereas fetal Nos3 deficiency 

compromises the fetoplacental vasculature and fetal growth (Kulandavelu et al. 2013; 

Rennie et al. 2015).
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ACE2

Angiotensin converting enzyme-2 (ACE2) degrades angiotensin II (Ang-II, a potent 

vasoconstrictor) to Ang1–7 (a vasodilator), and possesses a pivotal role in controlling 

vasomotor tone in uterine spiral arteries (Yamaleyeva et al., 2015). A null mutation at the 

mouse Ace2 locus results in disruptions in the maternal vasculature, resulting in placental 

hypoxia, and fetal growth restriction.

INFLAMMATION AND OXYGEN DELIVERY TO THE PLACENTATION SITE

Inflammatory states can regulate oxygen delivery to the placentation site and can be 

experimentally-induced via lipopolysaccharide (LPS) treatment. LPS-induced inflammation 

during rat pregnancy results in disruptions of intrauterine trophoblast invasion and the 

uteroplacental vasculature, and leads to fetal growth restriction (Renaud et al., 2011; 

Cotechini et al., 2014). These placental inflammatory events are associated with hypoxia and 

the stabilization of HIF1A (Robb et al., 2017). Treatments with interleukin 10 (IL-10), a 

nitric oxide mimetic, or a tumor necrosis factor α antagonist moderate inflammation-

induced placental hypoxia and fetal growth restriction (Robb et al., 2017).

NK CELLS AND OXYGEN DELIVERY TO THE PLACENTATION SITE

NK cells are prominent contributors to remodeling uterine spiral arteries (Zhang et al., 2011; 

Chakraborty et al., 2012). They accumulate in the decidualized uterus and target uterine 

spiral arteries, where they facilitate arterial vessel migration toward the developing placenta 

and stimulate degenerative changes in the tunica media of uterine arteries/arterioles and their 

conversion to flaccid low resistance vessels. Through these actions, NK cells affect oxygen 

delivery to trophoblast progenitors within the developing placenta (Chakraborty et al., 2011). 

In the rat, NK cell deficiency results in local hypoxia at the gd 9.5 placentation site and the 

activation of endovascular trophoblast invasion and extensive trophoblast-guided uterine 

spiral arteriole restructuring (Chakraborty et al., 2011; Renaud et al., 2017). Thus, during 

pregnancy, uterine NK cells promote oxygen delivery to the placentation site and effectively 

attenuate and delay delivery of hypoxic signals capable of activating endovascular 

trophoblast development.

PLACENTAL HEMATOPOIESIS

The placenta plays a role in red blood cell development with the potential to directly affect 

oxygen homeostasis in the fetus (Dzierzak and Robin, 2010; Gekas et al., 2010). Stem cells 

with the capacity for multilineage hematopoiesis are found in the mouse placenta (Gekas et 

al., 2005; Ottersback and Dzierzak 2005). This stem cell population resides in the labyrinth 

zone and originates from chorionic and allantoic mesoderm (Rhodes et al., 2008) in a niche 

supported by endothelial-trophoblast platelet derived growth factor-B signaling (Chhabra et 

al., 2012). Hypoxia and HIF1A contribute to the regulation of hematopoietic stem and 

progenitor cell development in the placenta (Imanirad and Dzierzak, 2013; Imanirad et al., 

2013). The capacity for blood cell development is conserved in the human placenta (Barcena 

et al., 2009; Robin et al., 2009; Van Handel et al., 2010).
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REGULATORS OF HYPOXIA-DEPENDENT PLACENTAL ADAPTATIONS

Several regulators independent of the hypoxia/HIF signaling pathway have been identified, 

with roles in modulating placental adaptations to hypoxia (see Table 2).

Prolactin (PRL) family

In mammals, PRL is a hormone/cytokine with strong links to pregnancy and lactation 

(Soares, 2004). The ancestral PRL gene has undergone species-specific expansions, resulting 

in a family of nearly two dozen related genes in the mouse and rat (Wiemers et al., 2003b; 

Mallon et al., 2004; Alam et al., 2006). PRL family paralogs are primarily hormones/

cytokines of pregnancy, and are expressed predominantly in the anterior pituitary, uterus, 

and placenta (Soares, 2004). Some members of the PRL family regulate cellular function 

through interactions with the classical PRL receptor, while other PRL family ligands utilize 

non-canonical modes of action that are not yet well defined (Soares, 2004). Targeted mouse 

mutagenesis has led to insights regarding roles for some PRL family hormones as regulators 

of adaptations to maternal hypoxia (Soares et al., 2006, 2007). Roles for three non-canonical 

mouse PRL family ligands in pregnancy-dependent adaptations to hypoxia have been 

investigated: PRL-like protein A (PLP-A), decidual prolactin related protein (DPRP), and 

PLP-N.

PLP-A—PRL family 4, subfamily a, member 1 (Prl4a1) encodes PLP-A, which is 

expressed in spongiotrophoblast cells and trophoblast giant cells from midgestation to term 

(Campbell et al., 1989; Lin et al., 1997a; Müller et al., 1998). A deficit in the PLP-A protein 

does not adversely affect the reproductive performance of mice maintained under standard 

animal husbandry conditions. However, when pregnant Prl4a1 null mice are challenged by 

exposure to hypoxia, they are not able to successfully adapt and their pregnancies fail due to 

placental insufficiency (Ain et al., 2004). Under hypoxic conditions, the absence of PLP-A 

disrupts requisite trophoblast-vascular interactions, compromising nutrient delivery, and 

leading to placental growth restriction (Ain et al., 2004). This contrasts with pregnant mice 

expressing PLP-A, which successfully adapt to low oxygen and maintain their pregnancies. 

At least some of the actions of PLP-A are mediated through modulation of uterine NK cells 

(Müller et al., 1999; Ain et al., 2003b).

DPRP—PRL family 8, subfamily a, member 2 (Prl8a2) encodes DPRP, a heparin binding 

cytokine (Roby et al., 1993; Rasmussen et al., 1996; Wang et al., 2000; Alam et al., 2008). 

DPRP is expressed in decidual cells, representing a prominent marker of decidualization, 

and an early post-embryo implantation event (Gu et al., 1994; Rasmussen et al., 1997; Lin et 

al., 1997a; Orwig et al., 1997a; Orwig et al., 1997b, 1999). Reproductive performance under 

standard housing conditions does not differ significantly between Prl8a2 null and wild type 

mice (Alam et al., 2007). Unlike wild type pregnant female mice, DPRP deficient pregnant 

females are unable to adapt to a hypoxic environment and pregnancies fail by midgestation. 

Pregnancy failures in hypoxia-exposed Prl8a2 nulls are associated with prominent vascular 

lesions, enlarged mesometrial blood spaces, distorted chorioallantoic placentas, and 

decreased endovascular trophoblast invasion (Alam et al., 2007). Although the mechanism 

of DPRP action in promoting pregnancy-dependent adaptations is unknown, the ability of 
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DPRP to suppress intrauterine endoplasmic reticulum stress responses may provide some 

insights (Alam et al., 2015).

PLP-N—PRL family 7, subfamily b, member 1 (Prl7b1) encodes PLP-N, which is uniquely 

expressed by invasive trophoblast cell lineages from midgestation to term (Ain et al., 2003a; 

Wiemers et al., 2003a; Wiemers et al., 2003b; Bu et al. 2016). Both endovascular and 

interstitial invasive trophoblast cells express PLP-N (Ain et al., 2003a; Bu et al. 2016). 

Disruption of the Prl7b1 gene does not adversely affect reproductive performance when 

mice are maintained under standard animal husbandry conditions (Bu et al. 2016). Wild type 

mice adapt to low oxygen with a robust expansion of the junctional zone. This placental 

adaptation to hypoxia is not observed in Prl7b1 deficient mice (Bu et al. 2016). Interestingly, 

failure to adapt in the mutant mice is not associated with pregnancy loss. In contrast, wild 

type mice exposed to 9.5% oxygen exhibit maladaptive responses, which lead to placental 

insufficiency and fetal death. In this instance, it may be advantageous to cull litter sizes 

when exposed to environmentally adverse conditions. These observations reflect a level of 

complexity not previously appreciated.

Other members of the PRL family—Biological activities of a subset of other members 

of the PRL family suggest that they may also contribute to hypoxia-dependent placental 

adaptations. Proliferin (PLF; PRL family 2, subfamily c, member 1; PRL2C1) and 

proliferin-related protein (PLF-RP; PRL family 7, subfamily d, member 1; PRL7D1) are 

expressed by trophoblast giant cells and spongiotrophoblast cells, respectively (Colosi et al., 

1988; Lee et al., 1988), and act to reciprocally modulate angiogenesis (Jackson et al., 1994). 

Mouse PLP-E (PRL family 7, subfamily a, member 1; PRL7A1) and its rat ortholog, PLP-

Fα (PRL family 7, subfamily a, member 3; PRL7A3), are produced by trophoblast giant 

cells under the control of oxygen tension (Lin et al. 1997b; Ho-Chen et al., 2007), and are 

regulators of blood cell development, including erythropoiesis (Lin and Linzer, 1999; Bittorf 

et al., 2000). Thus, through these ligands, the placenta can regulate oxygen delivery by 

modulating blood vessel formation and the kinetics of red blood cell expansion. The 

consequences of mutagenesis of these PRL family genes on placentation or placental 

adaptions to hypoxia have not been determined.

Other modulators of hypoxia-dependent placental adaptations

NDRG1—N-myc downstream regulated gene 1 (NDRG1) is a known hypoxia responsive 

transcript in human trophoblast with protective roles in preventing hypoxia-induced injury 

(Roh et al., 2005). Disruption of the mouse Ndrg1 locus leads to fetal growth restriction and 

compromised placental adaptations to hypoxia (Larkin et al., 2014).

ISG15—Interferon-stimulated gene 15 (Isg15) is an interferon-responsive gene expressed in 

rodent and primate placentas (Hansen and Pru, 2014) and through covalent interactions 

modifies the activities of intracellular proteins (Zhao et al., 2005). A null mutation at the 

Isg15 locus compromises fetal survival, which is exacerbated in pregnancies maintained 

under hypoxic conditions (Henkes et al., 2015).
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IL-10—Anti-inflammatory cytokines, such as IL-10 (Mosser and Zhang, 2008), have been 

linked to pregnancy and pregnancy-related diseases (Thaxton and Sharma, 2010). Genetic 

disruption of the Il10 gene compromises pregnant mice exposed to hypoxia, resulting in 

hypertension, kidney pathologies, and increased pregnancy loss (Lai et al., 2011). These 

adverse effects in hypoxia-exposed pregnant Il10 null mice can be reversed by treatment 

with IL-10 (Lai et al., 2011).

NOS3—A deficiency in NOS3 undermines hypoxia-dependent adaptations in pregnant mice 

(Rueda-Clausen et al., 2014). While wild type pregnant mice can adapt to hypoxia 

exposures, NOS3 deficient mice do not sufficiently adapt and pregnancies fail. Specifically, 

NOS3 appears to contribute to hypoxia-dependent adaptations in the labyrinth zone of the 

mouse placenta (Schäffer et al., 2006).

COMT—Catechol-O-methyltransferase (COMT) is an enzyme involved in the catabolism of 

catecholamines and other molecules possessing a catechol structure, such as estrogens 

(Shenoy et al., 2010; Thomas and Potter, 2013). Comt null mice can exhibit pregnancy 

complications (Kanasaki et al., 2008), and show failures in adaptations to hypoxia resulting 

in fetal growth restriction (Rueda-Clausen et al., 2014). In the guinea pig, chronic hypoxia 

results in the downregulation of placental COMT transcript expression (Thompson et al., 

2016).

Overview

In summary, several regulatory mechanisms are utilized in placentation during exposure to 

hypoxia. Some of these regulators are not required for placenta development during the 

normal course of gestation but become essential contributors as the placenta adapts to 

physiological stressors. Members of the PRL family may facilitate placental and pregnancy-

associated adaptations in some species, including the mouse, while in other species 

adaptations may be accomplished by other ligands or mechanisms. The placenta is the 

source of numerous species-specific gene family expansions whose biology is yet to be fully 

resolved but may contribute to pregnancy-dependent adaptations (Soares et al., 2006; Rawn 

and Cross, 2008). At least one of the drivers for the evolution of these gene families may 

have been oxygen deficits, with the goal of optimizing reproductive performance in a 

diversity of challenging environments.

FINAL THOUGHTS

Signaling pathways controlling oxygen homeostasis are integral regulators of hemochorial 

placental development. This is best illustrated by mouse mutagenesis experiments, showing 

components of the HIF signaling pathway contribute in fundamental ways to development of 

the placenta. Hemochorial placentation can exhibit exceptional plasticity that is 

demonstrably responsive to hypoxia. Oxygen tension can guide trophoblast lineage 

decisions, impacting how the placenta forms a functional interface with the maternal 

environment and its effectiveness in supporting fetal growth. The robust sensitivity of the 

invasive/extravillous trophoblast cell lineage to oxygen tension is illustrative of this concept. 

Placental plasticity is not a constant during gestation, but instead is most evident during 
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early stages of pregnancy when trophoblast stem and progenitor cell populations are 

prominent and environmental challenges are capable of molding placental development to 

maximize performance. This represents an effective strategy when the environmental 

challenge present during the critical sensitive period persists through gestation. 

Investigations of high altitude-adapted native populations highlight how natural selection has 

directed optimization of placental adaptations through targeting genes in the HIF signaling 

pathway. The mobility of present day human populations creates mismatches and the 

potential for discordant responses to environmental challenges. Plasticity should be viewed 

as an intrinsic measure of a healthy placenta and placental disease a consequence when 

trophoblast cell adaptive responses are overwhelmed or dysregulated. Thus, experimental 

interrogation of mechanisms controlling plasticity can provide insights into the etiology of 

placental disease. Molecular dissection of TS cell models, which exhibit maximal plasticity, 

is an effective strategy for determining trophoblast cell potential and an efficient approach 

for generating hypotheses of mechanisms controlling placental adaptations. These 

hypotheses are best tested in relevant animal models of hemochorial placentation.
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Figure 1. Hemochorial placentation
Schematic diagrams showing placentation sites of the mouse, rat, and human. Similarities 

and differences exist for each species. The mouse and rat share a trichorial labyrinth zone 

(LZ), while the human possesses a monochorial villous placenta structure. Labyrinth and 

villous compartments share functional properties. The mouse exhibits shallow intrauterine 

trophoblast invasion, whereas the rat and human possess deep intrauterine trophoblast 

invasion. Invasive and extravillous trophoblast cells are functional equivalents, and the 

junctional zone (JZ) of the rodent placentation site is homologous to the extravillous column 

of human placentation. Invasive/extravillous trophoblast cells and natural killer cells direct 

uterine spiral artery restructuring.
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Figure 2. Cellular responses to hypoxia
Homeostatic mechanisms guiding cellular adaptations are directed by the hypoxia inducible 

factor (HIF) signaling pathway. Upper panel) Under oxygen replete conditions PHDs 

hydroxylate HIF1A on prolyl residues, allowing VHL protein to ubiquitinate HIF1A 

resulting in proteosomal degradation of HIF1A. Under low oxygen conditions, HIF1A is 

stable and can dimerize with ARNT, recruit CBP/EP300, and bind to hypoxia/HIF response 

elements (HRE), inducing hypoxia responsive genes encoding proteins required for 

adaptations to hypoxia. Lower panel) Negative regulation of HIF transcriptional activity. 
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FIH1 hydroxylates HIF1A on an asparagine residue, preventing HIF1A from interacting 

with CBP/EP300. CITED2 interacts with CBP/EP300, preventing CBP/EP300 from being 

recruited to the HIF1A/ARNT dimer complex. COMMD1 interacts with HIF1A, leading to 

proteolysis of HIF1A and disrupting dimerization of HIF1A with ARNT.
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Figure 3. Maternal hypoxia stimulates adaptations at the mouse and rat placentation site
Exposure of pregnant mice and rats to hypoxia (10–11% oxygen) during a critical 

developmental phase of development (gd 7.5 to 9.5) results in striking changes in the 

organization of hemochorial placentation. In both species, there is an increased allocation of 

trophoblast progenitor cells to differentiation of junctional zone trophoblast cell lineages 

instead of labyrinth zone trophoblast cell lineages. In the rat but not the mouse, maternal 

hypoxia also activates development of endovascular trophoblast cell lineage, and accelerates 

endovascular trophoblast cell invasion, which restructure uterine spiral arterioles. The 

schematic presentation is based on previously reported findings (Rosario et al., 2008, Bu et 

al., 2016).
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Table 1

Placenta-related phenotypes associated with genetic disruption of components of the HIF signaling pathway.

Gene symbol Species Mutationa Placental phenotype References

Arnt Mouse Global-LOF Midgestation lethality (gd 9.5 to 10.5); failure of 
labyrinthine vascularization; decreased junctional zone 
trophoblast progenitor cells

Kozak et al., 1997; Maltepe et 
al., 1997; Abbott and Buckalew, 
2000; Adelman et al., 2000

Hif1a Mouse Global-LOF Midgestation lethality (gd 10.5); impaired labyrinthine 
vascularization; decreased junctional zone trophoblast 
progenitor cells; not as severe as Arnt null placenta 
phenotype

Iyer et al., 1998; Ryan et al., 
1998; Kotch et al., 1999; 
Cowden-Dahl et al., 2005a

Hif1a Mouse Maternal-LOF Placental growth restriction; disrupted decidual natural 
killer cell expansion and interstitial trophoblast invasion

Kenchegowda et al., 2017

Epas1 Mouse Global-LOF Modest placental phenotype Cowden-Dahl et al., 2005a

Hif1a/Epas1 Mouse Global-LOF Phenocopies global Arnt null Cowden-Dahl et al., 2005a

Egln1 Mouse Global-LOF Lethality between gd 12.5 and 14.5; junctional zone 
expansion and compromised labyrinth zone development

Takeda et al., 2006; Ozolins et 
al., 2009

Vhl Mouse Global-LOF Midgestation lethality (gd 10.5 to 12.5); failure of 
labyrinthine vascularization

Gnarra et al., 1997

Fih1 Mouse Global-LOF None apparent Zhang et al., 2010

Cited2 Mouse Global-LOF Placental growth restriction Withington et al., 2006

Cited2 Rat Global-LOF Placental growth restriction Dhakal et al., 2016

Cited2 Mouse Trophoblast-LOF Impaired labyrinthine vascularization Moreau et al., 2014

Commd1 Mouse Global-LOF Midgestation lethality (gd 9.5 to 10.5); failure of 
labyrinthine vascularization

van de Sluis et al., 2007

miR-210 Mouse Global-LOF None apparent Krawczynski et al., 2016

miR-210 Mouse Trophoblast-GOF None apparent Krawczynski et al., 2016

Kdm3a Rat Trophoblast-LOF Disruption of hypoxia-activated placenta adaptations Chakraborty et al., 2016

Mmp12 Rat Global-LOF Disruption of hypoxia-activated placenta adaptations Chakraborty et al., 2016

a
LOF, loss of function; GOF, gain of function
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Table 2

Genetic control of hypoxia-dependent placental adaptations.

Gene symbol Species Mutationa Placental phenotype in response to hypoxia exposure References

Prl family genes

 Prl4a1 Mouse Global-LOF Disruption of trophoblast-vascular interactions leading to 
placental insufficiency and pregnancy failure

Ain et al., 2004

 Prl8a2 Mouse Global-LOF Mesometrial vascular lesions, decreased endovascular 
trophoblast invasion, and pregnancy failure

Alam et al., 2007

 Prl7b1 Mouse Global-LOF Failure of hypoxia-dependent expansion of the junctional 
zone

Bu et al., 2016

Other genes

 Ndrg1 Mouse Global-LOF Fetal growth restriction and compromised pregnancies Larkin et al., 2014

 Isg15 Mouse Global-LOF Pregnancy failure Henkes et al., 2015

 Il10 Mouse Global-LOF Hypertension, kidney pathologies, and increased pregnancy 
failure

Lai et al., 2011

 Nos3 Mouse Global-LOF Pregnancy failure Rueda-Clausen et al., 2014

 Comt Mouse Global-LOF Fetal growth restriction Rueda-Clausen et al., 2014

 Kdm3a Rat Trophoblast-LOF Disruption of hypoxia-activated endovascular trophoblast 
invasion

Chakraborty et al., 2016

 Mmp12 Rat Global-LOF Disruption of hypoxia-activated endovascular trophoblast 
invasion

Chakraborty et al., 2016
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