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Abstract

A critical transition occurs near mid-gestation of mammalian pregnancy. Prior to this transition, 

low concentrations of oxygen (hypoxia) signaling through Hypoxia Inducible Factor (HIF) 

functions as a morphogen for the placenta and fetal organs. Subsequently, functional coupling of 

the placenta and fetal cardiovascular system for oxygen (O2) transport is required to support the 

continued growth and development of the fetus. Here we tested the hypothesis that Hif-1α is 

required in maternal cells for placental morphogenesis and function. We used Tamoxifen-inducible 

Cre-Lox to inactivate Hif-1α in maternal tissues at E8.5 (MATcKO), and used ODD-Luciferase as 

a reporter of hypoxia in placenta and fetal tissues. MATcKO of Hif-1α reduced the number of 

uterine natural killer (uNK) cells and Tpbpa-positve trophoblast cells in the maternal decidua at 

E13.5 −15.5. There were dynamic changes in all three layers of E13.5–15.5 MATcKO placenta. Of 

note was the under-development of the labyrinth at E15.5 associated with reduced Ki67 and 

increased TUNEL staining consistent with reduced cell proliferation and increased apoptosis. 

Labyrinth defects were particularly evident in placentas connected to effectively HIF-1α 
heterozygous null embryos. MATcKO had no effect on basal ODD-Luciferase activity in fetal 

organs (heart, liver, brain) at any stage, but at E13.5 −15.5 resulted in enhanced induction of the 

ODD-Luciferase hypoxia reporter when the dam’s inspired O2 was reduced to 8% for 4 hours. 

MATcKO also slowed the growth after E13.5 of fetuses that were effectively heterozygous for 

Hif-1α, with most being non-viable at E15.5. The hearts of these E15.5 fetuses were abnormal 

with reduction in size, thickened epicardium and mesenchymal septum. We conclude that maternal 

HIF-1α is required for placentation, specifically, recruitment of uNK and trophoblast cells into the 
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maternal decidua and other trophoblast cell behaviors. The placental defects render the fetus 

vulnerable to O2 deprivation after mid-gestation.
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1. INTRODUCTION

During mammalian pregnancy the delivery of O2 and nutrients to the developing embryo 

must increase in order for it to grow in size and complexity (reviewed in (Bishop and 

Ratcliffe, 2015; Fisher and Burggren, 2007). These metabolic needs are met by the 

formation of the placenta, so that O2, nutrients and waste can be exchanged between the 

mother and fetus, and the development of a functional fetal cardiovascular system for the 

distribution of O2 and nutrients to, and removal of wastes from the growing organs. 

Functional maturation of the feto-placental unit (FPU) and resultant increase in O2 supply 

occurs near mid-gestation in the mouse and rat (E11–14) and towards the end of the 1st 

trimester in humans (8–12 weeks) (Jauniaux et al., 2003; Murray, 2012). Prior to FPU 

maturation the relative lack of O2 (tissue hypoxia), which leads to signaling through the HIF, 

is thought to be a morphogen for organs that are subsequently required for O2 delivery, 

including the placenta, blood, heart and vascular system (reviewed in (Dunwoodie, 2009). 

Consistent with this paradigm, germline inactivation of HIF subunits results in non-viable 

embryos by mid-gestation (~E10.5 in mouse) with structural defects in each of these organ 

systems (reviewed in (Dunwoodie, 2009).

Defining a specific role for O2-sensing and HIF in each of these organs is confounded by the 

interdependence of the fetal organs and placenta for O2 delivery and development, as well as 

the pleiotropic effects of vascular insufficiency and tissue hypoxia on morphogenesis, organ 

function and survival. To circumvent these limitations, conditional approaches have been 

used to inactivate Hif genes in specific cell types or at specific stages of development 

(reviewed in (Bishop and Ratcliffe, 2015)). In a prior study, we showed that Tamoxifen-

inducible Cre-mediated cKO of Hif-1α at E9.5 caused defects in the formation of the 

structures of the cardiac outflow tract, modeling human congenital heart defects (CHD) 

(Kenchegowda et al., 2014). However, the Tamoxifen-inducible Cre was under the control of 

the pan-active β-actin promoter, raising the possibility that inactivation of Hif in other 

organs, in particular the placenta, could contribute to the formation of the structural heart 

defects. This line of reasoning is supported by several observations: 1) many gene KOs in 

the mouse cause fetal and placental defects (reviewed in (Watson and Cross, 2005) 2) 

Hypoxia signaling through HIF has been proposed to play a number of roles in placental 

development, including migration and differentiation of cells in all three layers of the 

placenta (reviewed in (Burton, 2009; Maltepe et al., 2010; Pringle et al., 2010; Soares et al., 

2014) and 3) in both rodents and more recently, in humans, an association between placental 

and fetal heart defects has been described (Adams et al., 2000; Auger et al., 2015; Barak et 

al., 1999; Brodwall et al., 2016; Llurba et al., 2014; Sliwa and Mebazaa, 2014). However, 

the extent to which placental dysmorphogenesis and resultant dysfunction may compromise 
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O2 delivery to the organs of a growing and viable fetus is not clear, particularly in mouse 

models. Study of the Rag2−/−Il2rg−/− (Recombination activating gene 2, Interleukin 2 

receptor, gamma) double KO (lymphocyte/NK cell-deficient) mouse model (Ashkar et al., 

2000) suggested that placental defects had no effect on O2 delivery (Leno-Duran et al., 

2010).

Studies in the rat suggest that 1) hypoxia in the maternal compartment activates 

endovascular trophoblast invasion and uterine vascular remodeling (Rosario et al., 2008) and 

2) maternally-derived uNK cells invade the maternal decidua and regulate trophoblast 

behaviors in a hypoxia-sensitive manner (Chakraborty et al., 2011). The goals of the current 

study were 1) to test the role of hypoxia signaling through HIF in the maternal cells in 

placentation and 2) to determine how this alteration of HIF signaling affects the placenta’s 

ability to deliver O2 to the organs of the growing fetus. To achieve the former, we used a 

Tamoxifen-inducible β-actinCre to inactivate Hif-1α in the maternal cells at specific 

gestational stages. For the latter, the mice expressed the ODD-Luc hypoxia reporter which 

contains the Oxygen Degradation Domain (ODD) of Hif-1α fused to the N-terminus of the 

Luciferase (Luc) coding sequence constitutively expressed from the ROSA26 locus (ODD-

Luc) (Safran et al., 2006).

2. METHODS

2.1. Mice

Mice were handled in accordance with University of Maryland Baltimore Institutional 

Animal Care and Use Committee guidelines. All mouse strains used in this study were 

obtained from Jackson Laboratory and maintained as a breeding colony at University of 

Maryland-Baltimore. ODD-Luc mice (Safran et al., 2006) (stock # 006206) were maintained 

as homozygotes in an FVB background. ODD-Luc males and females were mated and 

tissues harvested from E9.5 to maturity for measurement of ODDLuc activity as described 

below. Tamoxifen (TM) inducible β-actinCre+ (CAGGCre-ER™; stock # 004682) (Hayashi 

and McMahon, 2002) mice were crossed with Hif-1αf/f mice in which LoxP sites flank exon 

2 of Hif-1α (stock # 007561) (Ryan et al., 2000) to obtain Hif-1αf/f,β-actinCre+ females. 

For maternal conditional inactivation of Hif-1α (MATcKO), timed matings were performed 

with Hif-1αf/f,β-actinCre+ females and ODD-Luc males (Hif-1α+/+) with the presence of a 

vaginal plug in the morning counted as E0.5. Pregnant dams were treated with TM (3mg/40g 

bw; Sigma # T5648) in sunflower oil on E8.5 and 9.5 to induce the activity of Cre 

recombinase as previously described (Hayashi and McMahon, 2002; Kenchegowda et al., 

2014). Mice were genotyped by standard PCR methods using primers as described on the 

Jackson Laboratory website. PCR of genomic DNA was performed to test Cre efficiency 

using forward 5’ GGATGAAAACATCTGCTTTGG 3’ and reverse 5’ 

ACTGCCCCAACACAATACTTTT 3’ primers. Recombination of Hif-1α was ~90% in the 

MATcKO placentas of Tamoxifen-treated mice measured at E15.5 vs <20% in placentas of 

untreated (control) mice of the same genotype.
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2.2. Maternal exposures to hypoxia

Timed pregnant mice (MATcKO, ODD-Luc) were placed in modular incubator chambers 

(Billups-Rothenberg Inc.) on E11.5, 13.5 or 15.5. The chamber was flushed with gas from a 

tank containing 8% O2/ 92% nitrogen (Airgas) and then clamped. The mice were maintained 

in this chamber for 4 hours with free access to food and water and tolerated this procedure 

well. For control experiments, pregnant dams were placed in the chamber and flushed with 

gas from a tank containing 21 % O2 / 79% nitrogen (room air), for 4 hours with free access 

to food and water.

2.3. Measurement of luciferase activity

Pregnant dams were euthanized by CO2 inhalation followed by cervical dislocation and the 

uterine horns removed and placed in ice-cold PBS. Placenta and embryonic tissues were 

dissected under a stereomicroscope in ice cold PBS and stored at −80°C. Tissues were 

homogenized in 1X Cell Culture Lysis Reagent (Promega) and clarified by centrifugation. 

10–20µl of the lysate was transferred to a 96 well plate and firefly luciferase activity 

measured as per manufacturer’s instructions (Promega) using a microplate reader (Flex 

Station 3, Molecular Devices) as previously described (Kenchegowda et al., 2014). Protein 

concentrations in the lysate were measured using the Bio-Rad Protein Assay Dye Reagent 

with BSA as the protein standard. Luminescence Units (LU) were normalized to total 

protein and expressed as femtomoles of luciferase /mg protein using QuantiLum 

Recombinant Luciferase (Promega) as the standard.

2.4. Analysis of placental morphology and histology

Pregnant dams were euthanized by CO2 inhalation on E13.5 and E15.5. Placentas and 

embryos were dissected and fixed in formalin (10% w/v) in PBS overnight at 4°C. Fixed 

embryos were washed with PBS and stored in 70% ethanol at 4°C. Whole mount images of 

placenta and embryos were captured using Leica MZFLIII stereomicroscope (Leica). For the 

preparation of paraffin blocks, tissues were dehydrated through a graded series of ethanol 

and xylene and embedded in paraffin wax. Sections 6 µm in thickness were deparaffinized 

and rehydrated through a series of ethanol and subjected to Hematoxylin and Eosin stain 

according to standard protocols as previously described (Natale et al., 2006). In all of the 

experiments, representative sections from the center of the placenta were analyzed. Images 

were captured using EVOS XL Core (Life Technologies) and Leica DMLB (Leica) 

microscopes and Spot RT3 camera (Diagnostic Instruments).

RNA in situ hybridization was conducted on 6 µm paraffin sections as previously described 

(Hughes et al., 2013; Natale et al., 2009; Simmons et al., 2008a). Riboprobes for trophoblast 

markers Gcm1, Plp-f (Prl7a2), Plp-n (Prl7b1), Pcdh12, Syna, Tpbpa and Plf (Prl2c2) were 

synthesized as previously described (Hughes et al., 2013; Natale et al., 2009; Simmons et al., 

2008b). Immunostaining was performed to detect Ki67 and Perforin as markers of cell 

proliferation and uNK cells, respectively. Sections were deparaffinized and rehydrated 

followed by antigen retrieval in Citrate buffer (Biogenex) using a 2100-Retriever (Electron 

Microscopy Science). Sections were treated with 3% H2O2 to quench endogenous 

peroxidase, washed in PBS and blocked with 5% goat serum, 0.1% BSA in PBS for 1 hour 

at room temperature. Sections were incubated with anti-Ki67 (ab16667) or anti-Perforin 
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(ab16074) primary antibodies (Abcam) at 1:300 at room temperature for 1 hour. The 

remainder of the procedure followed the manufacturer’s protocol using ImmPRESS HRP 

Anti-Rabbit polymer detection kit (Vector Laboratories). Antibody binding was detected 

using DAB system according to the manufacturer’s protocol (Vector Laboratories). 

Following counterstaining in hematoxylin (Gills #2, Sigma-Aldrich) or Nuclear Fast Red 

(Vector Laboratories), sections were dehydrated and mounted in xylene-based mounting 

medium.

Alkaline phosphatase (AP) staining to identify maternal blood spaces was conducted as 

previously described (Natale et al., 2006). Periodic Acid Schiff (PAS) staining to identify 

glycogen accumulation was conducted according to the manufacturer’s protocol (Sigma-

Aldrich). TUNEL staining to detect cells undergoing apoptosis was carried out using the in 
situ Cell Death Detection kit from Roche (Sigma-Aldrich) according to the manufacturer’s 

protocol.

Semi-quantitative assessment of placental layers and in situ hybridization staining in 

placenta sections was conducted using NIH ImageJ software. Regions of staining were 

outlined and measured using ImageJ. Area was calculated as a proportion of the total 

measured area of each of the placentas and reported as % area. At least three independent 

placentas were measured for each gene or layer quantified.

2.5. Statistical Analysis

Data are expressed as mean ± SEM. Multiple groups were compared by One-Way ANOVA 

with Bonferroni correction using SigmaPlot 12 (Systat Software). Differences between 

paired groups were examined by Student’s unpaired t-test. P<0.05 was considered 

statistically significant.

3. RESULTS

3.1. Effect of MATcKO on fetal and placental development and morphology

Timed pregnant mice of the genotype Hif-1α/f/f,β-actinCre+ were treated with TM at E8.5 

and 9.5 unless noted otherwise. These mice will hereafter be designated as MATcKO. The 

mice were examined at E13.5 and E15.5 when placental and fetal organ morphogenesis are 

nearing completion. It is important to note that following TM treatment, the dams and any 

maternally-derived components of the placenta were effectively homozygous null for 

Hif-1α, however, the resulting embryo and fetal-derived contribution to the placenta were 

either effectively heterozygous for the Hif-1α null allele (50% HIF-1α f/+,β-actinCre+) or 

functionally wild type (50%; HIF-1αf/+,β-actinCre). Timed pregnant mice of genotype 

Hif-1α+/+,β-actinCre+ treated similarly with TM served as controls (CON).

MATcKO placentas were analyzed according to the genotype of the embryo. HIF-1α f/+,β-
actinCre+ embryo are designated E:Cre+ and HIF-1α f/+,β-actinCre− embryo as E:Cre−. 

MATcKO placentas associated with E:Cre+ and E:Cre− embryos are designated as 

MATcKO E:Cre−, respectively. When there was no difference between placentas supplying 

Cre+ vs Cre− embryos, the sub-groups are lumped together and described as MATcKO. 

There were no differences in placental size and weight at E13.5 (data not shown). At E15.5 
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MATcKO E:Cre+ placentas were visibly smaller and weighed ~15% less than CON while 

MATcKO E:Cre− placentas were unchanged (CON: 98.1±2.0mg; MATcKO E:Cre+: 

84.4±1.5mg, P<0.001; MATcKO E:Cre−: 104.7±2.83mg, p=0.08). The general appearance 

of MATcKO placentas was normal while a number of abnormalities were evident in 

histological assays. In E13.5 CON the decidua comprised ~50% of the placenta area, while 

in the MATcKO placentas this was reduced to ~35% with a corresponding increase in the 

junctional zone (Table 1, Fig. 1). At E15.5 the decidua was relatively reduced to comprise 

~25% of CON placenta, with corresponding and relatively equal increases in junctional and 

labyrinth zones, consistent with prior studies (Natale et al., 2006). MATcKO E:Cre− 

placentas displayed a similar developmental trend as CON such that at E15.5 there were no 

differences between these groups in the relative contributions of the different layers. In 

contrast in MATcKO E:Cre+ placentas the relative proportions of the decidual, junctional 

and labyrinth zones did not change from E13.5 to E15.5. Thus, the relative contribution of 

decidua was higher in MATcKO E:Cre+ E15.5 placentas as compared to the other groups.

3.2. Trophoblast Differentiation

Tpbpa, Plp-F (Prl7a2), Plp-N (Prl7b1), Plf (Prl2c2), Gcm1 and Syna mRNAs were used as 

markers of trophoblast differentiation and detected by in situ hybridization. Tpbpa is a 

marker of spongiotrophoblasts (Sp-T) and glycogen trophoblasts (Gly-T), Plp-F marks Sp-T 

only, and Plp-N identifies Gly-T cells in all junctional zone subtypes (Simmons et al., 

2008b). The expression of Tpbpa at E13.5, as a proportion of the total area of the placenta, 

was significantly increased in MATcKO placentas compared to CON, regardless of fetal 

genotype (Table 2, Fig. 1 E , F). At E15.5, the proportional area of Tpbpa expression in the 

CON placentas had increased and was now equal to that of E15.5 MATcKO placentas, in 

which proportions had not changed from E13.5 (Fig. 1, G, H). Plp-F and Plp-N, markers of 

spongiotrophoblasts and glycogen trophoblasts, respectively, showed staining patterns 

concordant in the junctional zone consistent with Tpbpa staining. These markers were 

increased in E13.5 MATcKO placentas but similar to CON in E15.5 MATcKO placentas 

(Table 2, Fig. 2A–H). Of note, many Gly-T appeared earlier in the decidua of MATcKO 

placentas (E13.5) vs CON. At higher magnification the Gly-T, identified by PAS staining 

and their large, vacuolated morphology (Fig. 2I, J, arrows), appeared smaller in the 

junctional zone of E15.5 MATcKO placentas.

Plf (Prl2c2) identifies parietal trophoblast giant cells (p-TGCs) located at the border of the 

fetal placenta and decidua, and spiral artery trophoblast giant cells (SA-TGCs) associated 

with spiral arteries (SA) in the maternal decidua, where they participate in arterial 

remodeling (Adamson et al., 2002; Hemberger et al., 2003; Simmons and Cross, 2005; 

Simmons et al., 2008a). Plf (Prl2c2)-positive trophoblast cells were observed in E13.5 (not 

shown) and E15.5 (Fig. 3A, B) CON and MATcKO placentas at the border of the maternal 

decidua and fetal placenta (not shown). At higher magnification, the association of SA-

TGCs with maternal decidua SAs appeared to be reduced in the MATcKO placentas (Fig. 

3C, D, arrows). Furthermore, Plf (Prl2c2) staining appeared to be more frequent in the 

labyrinth layer of MATcKO placentas (Fig. 3A, B, arrows), suggesting aberrant TGC 

differentiation and/or migration into the labyrinth zone in the placentas of these mice.
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Syna and Gcm1 were used as markers of syncytiotrophoblasts (Syn-T) of layers I and II of 

the labyrinth zone, respectively. Syna- and Gcm1-positive cells appeared reduced in number 

in the labyrinth layer of E13.5 and E15.5 MATcKO placentas (Gcm1, Fig. 4A–H; Syna data 

not shown). In E13.5 and 15.5 CON placentas, Gcm1 staining was evenly distributed 

throughout the labyrinth layer and associated with blood spaces. In MATcKO placentas, 

Gcm1 positive cells were smaller and less frequent. Beginning at E13.5 and by E15.5, they 

were very obviously reduced and not all were associated with blood spaces. This suggests 

underdevelopment of the labyrinth layer in MATcKO placentas. To complete this 

assessment, alkaline phosphatase (AP) staining was used to identify sinusoidal trophoblast 

giant cells (S-TGCs) surrounding maternal blood spaces within the labyrinth and thus 

provide an indication of overall maternal vascular development. AP staining in CON and 

MATcKO placentas at E13.5 was similar and showed cellular, avascular regions as well as 

clearly defined maternal blood spaces (not shown). Clusters of undifferentiated cells in the 

labyrinth layer are common in the normal formation of the placenta as it develops and 

expands from E9.5 to E14.5. In MATcKO E15.5 placentas, regions devoid of alkaline 

phosphatase staining persisted and were more numerous in the labyrinth layer as compared 

to CON (Fig. 4I, J, dotted lines). At higher magnification, it was evident that these regions 

were cellular, avascular and resembled the Sp-T and Gly-T cells of the junctional zone (Fig. 

4I, J, arrows in insets) rather than undifferentiated cells. Tpbpa positive staining throughout 

the labyrinth suggests these regions represent mislocalized junctional zone trophoblast cell 

subtypes (see Fig. 1, compare E & F).

3.3. Uterine Natural Killer (uNK) cells

uNK cells were identified by Perforin (Prf) immunostaining. These maternally derived 

immune cells are recruited to the maternal decidua, and thought to play a role in the 

remodeling of the SAs (Chakraborty et al., 2011; Tessier et al., 2015). As expected Prf- 

positive uNK cells were abundant in E13.5 CON decidua and had significantly declined by 

E15.5 (Fig. 5). At higher magnification, these cells could be seen encircling vessels within 

the decidua (Fig. 5G, arrows). Prf- positive uNK cells were present in the decidua of E13.5 

and E15.5 MATcKO but significantly decreased as compared to gestational age-matched 

CON (Fig. 5). At higher magnification the uNK cells in the decidua of MATcKO did not 

appear to localize to any particular anatomic structure (Fig. 5H).

3.4. Proliferation and Apoptosis in the Placenta

Placentas were stained for Ki67 and TUNEL to determine if the atrophy of MATcKO E:Cre+ 

placentas may be due to reduced cell proliferation and/or increased cell death (apoptosis), 

respectively. As expected Ki67 positive cells were restricted to the labyrinth of all E15.5 

placentas, however they were significantly reduced in the MATcKO E:Cre+ (Fig. 6A–E, 

arrows in C, D). In contrast, TUNEL positive cells were increased in the labyrinth of E15.5 

MATcKO E:Cre+ placentas (Fig. 7A–D, arrows in D). Together this suggests decreased 

proliferation and increased apoptosis specifically in the labyrinth layer of E15.5 MATcKO 

E:Cre+ placentas.
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3.5. ODD-Luc activity as a reporter of tissue O2 during normal development

The structural defects observed in the placenta could result in placental dysfunction. To test 

this, ODD-Luc was used as a surrogate indicator of the sufficiency of O2 transport to the 

fetal tissues. Luciferase activity was measured in lysates of placenta and fetal organs of 

timed pregnant mice. Males and females in this mating were homozygous for ODD-Luc at 

the ROSA26 locus and otherwise wild-type. Some of the data on ODD-Luc activity in fetal 

organs was previously published (Kenchegowda et al., 2014). ODD-Luc activity was 2–10 

fold lower in the placenta as compared to the fetal organs dependent upon the gestational age 

and organ (Fig. 8A–D). Placental ODD-Luc activity declined during development from a 

high at E9.5 to a level that was approximately one-third of that at E17.5. The developmental 

decline in placental ODD-Luc activity was shallower than that of the fetal organs and with a 

distinct timing. Whereas fetal heart, liver and brain all had ~2–4 fold declines in ODD-Luc 

activity from E10.5–13.5, the placenta had a more gradual decline with the largest change 

occurring from E13.5–17.5. In each fetal organ ODD-Luc activity declined from E10.5–13.5 

with further declines around the time of birth (E17.5- PN5) and from PN5 to full maturity at 

8 weeks of age. Of note ODD-Luc activity was higher in brain and liver as compared to the 

heart throughout fetal development. At 8 weeks of age (maturity) ODD-Luc activity was ~2-

fold higher in the liver as compared to the heart and brain, which were not different in their 

activities.

3.6. ODD-Luc activity is induced by maternal O2 deprivation

ODD-Luc activity was robustly induced in the placenta and fetal organs by reduction of 

maternal inspired O2 concentration to 8% for 4 hours (room air = 21 % O2) (Fig. 8A–D). 

The absolute magnitude of induction was greatest in organs and at developmental stages 

with the highest basal ODD-Luc activity, in particular the placenta and fetal organs at E9.5 

−11.5 of gestation.

3.7. ODD-Luc activity in Hif-1α MATcKO

In order to assess the effect of MATcKO Hif-1α on O2 metabolism in the fetal organs, 

Hif-1α/f/f,β-actinCre+ females were mated with ODD-Luc males and treated with TM at 

E8.5–9.5 as described above. Control mice were of the same mating but the pregnant 

females were not treated with TM. ODD-Luc activities were measured in placenta and fetal 

organ tissue lysates at E11.5, 13.5, and 15.5 under basal conditions and after reduction of 

maternal inspired O2 concentration to 8% for 4 hours. The values are reported as fold-

change relative to CON mice breathing room air. These gestational ages were selected to 

encompass the large decrease in ODD-Luc activity that occurs due to the maturation of the 

FPU functioning in O2 exchange and transport to the fetal tissues. There were no differences 

in ODD-Luc activities between MATcKO E:Cre+ and MATcKO E:Cre− organs on E11.5 and 

E13.5, and thus these sub-groups were lumped together. As will be described further below, 

MATcKO E:Cre+ embryos were not viable at E15.5 and thus were excluded from this 

analysis. MATcKO had no effect on basal ODD-Luc activity in the fetal organs at any of the 

gestational ages examined (Fig. 9A; 21% O2, CON vs cKO). MATcKO also did not affect 

the magnitude of hypoxic induction of ODD-Luc activity in E11.5 heart, liver and brain 

(Fig. 9A; E11.5 CON vs cKO 8% O2). In contrast, MATcKO rendered the fetuses more 
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vulnerable to O2 deprivation at E13.5 and 15.5. At these gestational ages MATcKO 

synergized with reductions in O2 concentrations (8% O2 for 4 hours) to increase ODD-Luc 

activity in the fetal tissues (Fig. 9A). The induction of ODD-Luc activity caused by 

MATcKO and O2 deprivation at later gestational ages is similar to that caused by O2 

deprivation alone at the earlier stage (E11.5) prior to the formation of a functional FPU.

MATcKO increased basal ODD-Luc activity in the E11.5 placenta and this activity was 

further increased by exposure of the pregnant mouse to the reduced O2 concentration (8% 

for 4 hours; Fig. 9B). MATcKO did not increase basal ODD-Luc activity in the E13.5 

placenta but synergized with reduction in O2 concentrations to increase ODD-Luc activity 

(Fig. 9B). By E15.5 there was no effect of MATcKO on basal or inducible ODD-Luc 

activity.

3.8. Effect of MATcKO on fetal development

Embryos from MATcKO dams (described in Section 3.1 and Methods) were harvested at 

E13.5 and E15.5 and analyzed in whole mount and section. MATcKO E:Cre− embryos were 

present at the expected Mendelian ratios, were of normal size and wet weight (Table 3), and 

had normal appearance in whole mount and in H&E stained sections (data not shown). In 

contrast the MATcKO E:Cre+ embryos, (HIf-1α effective heterozygotes cKO) were also 

normal at E13.5, but by E15.5 were ~12% reduced in crown-rump length and most were 

non-viable (Table 3). Observed in whole mount these embryos showed severe hemorrhage, 

edema, and reduction in blood-filled vessels on the surface of the embryo (Fig. 10). In H&E 

stained sections, the MATcKO E:Cre+ embryos appeared smaller than littermate controls 

(MATcKO E:Cre−). The hearts of these embryos were delayed in their development. The 

basic structures and anatomic relationships were normally present, such as the 4-chambered 

heart, the great vessels (aorta, pulmonary arteries) and their anatomic relationships (Fig. 10 

and data not shown). A notable abnormality in the MATcKO E:Cre+ was the marked 

thickening of the epicardium. There also appeared to be abnormal persistence of 

mesenchyme in the atrial and ventricular septum. Whether these and other differences 

represent developmental delay, are secondary to the non-viability that develops between 

E13.5–15.5, or are specific to the MATcKO synergizing with embryonic effective 

heterozygosity for Hif-1α, will require further study.

4. DISCUSSION

The major observations of this study are that 1) maternal expression of HIF-1α is required 

within a specific period of gestation for the normal development of the placenta 2) placental 

defects caused by MATcKO of Hif-1α cause placental dysfunction as evidenced by 

increased susceptibility to hypoxic stress at mid-gestation when the feto-placental unit 

(FPU) has matured in its function of O2 transport to the fetal tissues and 3) placental defects 

caused by MATcKO of Hif-1α are exacerbated by fetal heterozygosity of a mutant Hif-1α 
allele and lead to fetal demise later in gestation.
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4.1. Hif-1α and placentation

Here we show that Tamoxifen-inducible inactivation of Hif-1α specifically in maternal cells 

at E8.5 of pregnancy causes defects in both the maternal and fetal-derived components of the 

placenta. When TM is administered at later stages of pregnancy (E10.5) there is no effect 

(data not shown). These experiments thus establish that HIF-1α is required in the maternal 

cells between E8.5 and E11.5 in order for placentation to proceed normally. This study did 

not define a specific mechanism by which HIF-1α in maternal cells is required for 

placentation. It is well established that in mammals, including humans, the uterine 

environment and placenta is relatively hypoxic early in development, and that O2 

concentrations increase as the functional feto-placental circulation is established (reviewed 

in (Burton, 2009; Jauniaux et al., 2003; Murray, 2012). Our measurements of ODD-Luc 

activity as a surrogate indicator of intra-cellular O2 concentrations are consistent with this 

paradigm. A number of roles for hypoxia signaling through HIF have been proposed in the 

complex orchestration of the many cell types and processes required for normal 

placentation, a subject not suitably reviewed here (see (Maltepe et al., 2010; Pringle et al., 

2010). Studies by Soares and co-workers used hypoxic exposures of pregnant rats, i.e. gain-

of-function, to suggest a role for hypoxia/HIF in the recruitment of invasive trophoblasts into 

the maternal decidua for the purpose of uterine vascular remodeling (Rosario et al., 2008). 

uNK cells are also thought to be required for the initiation of uterine spiral artery remodeling 

in humans (Hanna et al., 2006), rats (Chakraborty et al., 2011) and mice (Ashkar et al., 

2000; Guimond et al., 1998) (reviewed in (Soares et al., 2014; Tessier et al., 2015). NK cell 

depletion in the rat delayed spiral artery remodeling and increased Pimonidazole binding 

and HIF-1α protein in the placenta as markers of placental hypoxia (Chakraborty et al., 

2011). In the current study, we observed a reduction in both Prf-positive uNK cells and Plf 
(Prl2c2)-positive trophoblast giant cells in the decidua of MATcKO mice. The number of 

uNK cells was significantly reduced at E13.5 and E15.5 vs CON, while the normal 

developmental trend of decreasing numbers of uNK cells over this period was unchanged. 

Maternal HIF-1α could be required for the recruitment, differentiation, proliferation or 

survival of uNK cells in the decidua. A study by Cerdeira et al. showed that human 

peripheral NK cells could be induced to acquire the decidual (uterine) NK phenotype by 

exposure to hypoxia (1% O2) in vitro. Hypoxia induced secretion of VEGF by uNK cells 

and reduced NK cytotoxicity, a feature of uNK as compared to peripheral NK cells (Kopcow 

et al., 2005). In that study, differentiated uNK cells, in turn, promoted migration of the 

human HTR8/svneo trophoblast cells in vitro, a cell line used to model human extravillous 

trophoblast, which are analogous to mouse Plf (Prl2c2)-positive trophoblast giant cells found 

in the junctional zone and decidua (Cerdeira et al., 2013; Graham et al., 1993; Simmons et 

al., 2007). Fate mapping studies as described in (Daussy et al., 2014) and (Rosario et al., 

2008) will be required to determine the effect of MATcKO Hif-1α on uNK and trophoblast 

giant cells, their potential interdependence and how their roles in remodeling of maternal 

spiral arteries may be affected by MATcKO.

Our study identified that reduced decidual size, relative to the rest of the placenta, at E13.5 

in MATcKO placentas was associated with a reduced number of uNK cells (discussed 

above), and increase in both junctional zone size and migration of glycogen trophoblast cells 

to the decidua. The reduction of the uNK population may account for the decreased decidual 
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size. However, it is interesting to note that the junctional zone and glycogen TB cell 

migration in the MATcKO placentas at E13.5 are very similar to the E15.5 CON placentas, 

suggesting that hypoxia/maternal Hif-1α controls the maturation of the junctional zone and 

subsequent glycogen TB cell migration. This theory is supported in a study by Chakraborty 

et al., that shows that NK cell depletion or maternal exposure to hypoxia causes junctional 

zone expansion in the rat (Chakraborty et al., 2011). Future studies will be required to 

investigate this relationship.

The MATcKO placentas, in addition to the altered decidua and junctional zones, have altered 

labyrinth layers. Independent of fetal genotype, Gcm1-positive cells appeared reduced in 

number and cell size, and ODD-Luc data suggests that MATcKO results in placental 

hypoxia at E11.5. This is significant because it implicates hypoxia in the control of 

syncytiotrophoblast differentiation. Supporting this, a study by Chiang et al., showed that 

hypoxia leads to GCM1 degradation, and that in fact, GCM1 normally autoregulates and 

promotes its own expression (Chiang et al., 2009). This is of significance to our study as 

Gcm1 is a key regulator of syncytiotrophoblast differentiation, fusion and branching 

morphogenesis initiated by trophoblast cells (Anson-Cartwright et al., 2000). Thus, it is 

possible that the reduction in Gcm1 expression is caused by placental hypoxia, and in turn, 

results in the disrupted branching morphogenesis and underdevelopment seen in the 

labyrinth of MATcKO placentas.

From the current data we cannot distinguish between cell autonomous vs non-autonomous 

effects of the MATcKO of Hif-1α on uNK, trophoblast and other cells of the placenta. This 

may be addressed through more complete time course experiments, and through the use of 

cell-type-specific promoters that direct Cre expression, and thus cKO of Hif-1α, in specific 

cell types within the placenta. MATcKO Hif-1α could also have adverse effects on the 

pregnancy, mediated by cells outside of the placenta given that the α-actin promoter driving 

the Tamoxifen-inducible Cre is ubiquitously active. However, over the short time course of 

these experiments MATcKO Hif-1α had no effect on maternal hematocrit and the pregnant 

mice otherwise appeared healthy, suggesting that the effect was placental in origin.

4.2. Placental defects: effects on the fetus

In this and our prior study (Kenchegowda et al., 2014), ODD-Luc was used as a sensitive 

and quantitative indicator of tissue oxygenation during development. MATcKO of Hif-1α 
and the resultant placental defects did not reduce basal oxygenation of the fetal tissues at 

E11.5–15.5 as measured by the ODD-Luc reporter. This is important for several reasons. 

First, it argues against a non-specific effect of the MATcKO. Second, it is consistent with 

studies of the Rag2−/−Il2rg−/− double KO (alymphoid) mice. The placentas of these dams are 

abnormal with failure of spiral artery remodeling (Ashkar et al., 2000). Using the semi-

quantitative hypoxia indicator pimonidazole, increased fetal or placental tissue hypoxia was 

not observed in the later stages of development (E18) of these mice, while earlier stages 

were not examined (Leno-Duran et al., 2010). The current study did observe a significant 

effect of MATcKO Hif-1α and the resulting placental defect on the response to hypoxic 

stress that was a function of the gestational age. At E11.5 ODD-Luc activity was increased 

substantially in the fetal organs when the dam’s inspired O2 concentration was reduced to 
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8%, and there was no further effect of MATcKO. At E13.5 and E15.5, the ODD-Luc activity 

in the fetal organs had a much smaller increment in response to the lowering of inhaled O2 

concentration. MATcKO Hif-1α synergistically increased ODD-Luc activity under hypoxic 

stress in the fetal organs to the level of the E11.5 fetal organs under hypoxic stress. We 

interpret these data to indicate that at E11.5 the fetal organs are highly susceptible to O2 

deprivation due to the immaturity of the FPU that functions in O2 exchange and transport to 

the tissues. At E13.5–15.5, the FPU is functional. The placental defects generated by 

MATcKO are not sufficient to disrupt basal O2 delivery but significantly diminish the O2 

reserve in the system. This model is supported by prior studies that indicate that ~E10.5–

13.5 is the stage of mouse development when the embryo/fetus is most susceptible to O2 

deprivation (Kenchegowda et al., 2014; Ream et al., 2008).

Further studies are required to investigate the relationship between timing of MATcKO and 

effects on placental function and fetal O2 metabolism. For example, in the current study, the 

timing of MATcKO Hif-1α at E8.5–9.5 is closely coupled to ODD-Luc measurements at 

E11.5. Would MATcKO, if initiated earlier in gestation, e.g E7.5, cause deficits in O2 

metabolism or reserve at E11.5? Similarly, does MATcKO of Hif-1α early in gestation affect 

ODD-Luc activity as an indicator of O2 metabolism, or O2 reserve, in later stages of 

development? The mother, placenta and fetus may adapt to stressors that reduce O2 

transport, such as increase in cardiac output, O2 carrying capacity, and placental size, 

vascularity and surface area for O2 exchange, to maintain the viability of the fetus 

(Gassmann et al., 2016; Webster and Abela, 2007; Zhang et al., 2011).

One of the goals of our studies is to understand feto-placental coupling and how placental 

insufficiency may put the fetus at-risk at critical stages of development. In the current study, 

embryos that were essentially wild type (Cre-) appeared to develop normally when supplied 

by a structurally abnormal MATcKO placenta. This is consistent with studies of the 

Rag2−/−Il2rg−/− mouse model of lymphoid (NK cell) deficiency, in which there is defective 

remodeling of the decidual SAs but minimal effect on fetal development. However, the 

fetuses and their metabolism were not thoroughly evaluated and adaptations by the mother, 

placenta and fetus may blunt the adverse effect of this genetic insult present from the time of 

conception. The current study of induction of a mid-gestational placental defect indicates 

that fetal O2 metabolism is normal under basal conditions but more vulnerable to an external 

stressor such as O2 deprivation. Therefore, it will be of interest to determine if subjecting the 

vulnerable MATcKO pregnancy to more prolonged periods of O2 deprivation during the 

critical period of organogenesis, or just after, has adverse effects on the E:Cre− fetus such as 

growth retardation or structural heart defects. In a different model, in which Mesp1-Cre was 

used to inactivate Hif-1α in the mesodermal tissues, exposure to hypoxic stress at E9.5 

markedly increased the incidence of congenital heart defects (Oreilly et al., 2014). It was 

presumed that there was placental insufficiency in this cKO but this was not directly tested.

Embryos that were effectively heterozygous for Hif-1α did not develop normally when 

supplied by a structurally abnormal MATcKO placenta. In contrast, embryos that are 

germline heterozygous for Hif-1α develop normally through adulthood (Kline et al., 2002). 

Thus, the present study suggests that MATcKO Hif-1α induced placental insufficiency has 

deleterious effects on the development of a genetically at-risk fetus. Stated differently, the 
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mother provides an environmental stress to the embryo through the defect in hypoxia/HIF-

dependent placentation, and passes on genetic risk in a heterozygous state. One caveat to this 

model is that we cannot exclude an interaction of Cre/TM with the Hif-1α heterozygosity in 

these embryos, though we did not observe an effect in embryos of control Cre++TM mice. 

The vulnerability of Hif-1α (germline) heterozygous mouse embryos to second stressors has 

also been observed in a model of maternal diabetes. Hif-1α heterozygous null mouse 

embryos that inherit their Hif-1α null allele from their father and are exposed to 

streptozotocin-induced maternal diabetes during pregnancy have an increased incidence of 

fetal demise and developmental heart defects compared to their wild-type littermates 

(Bohuslavova et al., 2013). As placental development has been shown to be affected by 

maternal diabetes during pregnancy, associated with a several-fold increase in the incidence 

of congenital heart defects (Øyen et al., 2016), it is a reasonable presumption that in both the 

Bohuslavova study and in our present study, the fetal Hif-1α heterozygous phenotype is 

exacerbated by maternal-derived placental insufficiency. A number of other germline gene 

KOs, included in the HIF pathway, cause heart and (often un-recognized) placental defects 

(reviewed in (Watson and Cross, 2005). In a few of these, such as p38α MAPK and PPAR-

γ, the heart defects resolve when the placental defect is rescued by chimeric aggregation 

(Adams et al., 2000; Barak et al., 1999). In these studies, early cleavage-staged homozygous 

mutant embryos were aggregated with cleavage-staged 4N tetraploid wild-type embryos, 

allowed to develop to the blastocyst stage and transferred to pseudo-pregnant dams. In the 

resulting pregnancies, tetraploid cells contribute exclusively to the trophoblast lineage and 

therefore make these cells and their subsequent contribution to the placenta, effectively wild-

type while the embryo is homozygous null. These findings suggest that the cardiac defects 

are secondary to placental (trophoblast) dysfunction, though this was not measured in any 

way. Of note, these and most germline KOs with placental and heart defects cause non-

viability at or prior to E11.5. This is still relatively early in placental and heart 

morphogenesis. Thus, it has not been possible to study the effect of placental dysfunction on 

the development of a viable fetus in the critical E10.5–13.5 window of mouse 

organogenesis.

In the current study, we did not define the cause of the growth retardation and demise of 

these embryos. The thickening of the epicardium could be indicative of a defect in 

vascularization of the heart, but the phenotypes of non-viable embryos must be interpreted 

with caution. As with the placenta, fate mapping and time course studies will be of great 

utility in defining the basis of the cardiac defects. It will be of interest to determine in future 

studies how MATcKO of Hif-1α and resulting placental defects stress and/or disrupt the 

development of the fetus that is at risk due to additional genetic or environmental stressors.
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Highlights

• Inactivation of HIF-1α in the mother causes placental defects

• May be due to failed recruitment of trophoblast and natural killer cells to 

decidua

• Placental defects compromise O2 delivery to the fetus during hypoxic 

challenge

• Effects are specific to gestational age

• Supports role for O2/HIF in disorders of early pregnancy
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Figure 1. 
Conditional knock-out of Hif-1α in maternal cells (MATcKO) causes placental defects. Hif-
α/f/f, β-actinCre+ females were mated with wild type males and injected with Tamoxifen (3 

mg/40 g bw) on E8.5 and 9.5. Control (CON) pregnant mice were β-actinCre+ and treated 

with Tamoxifen in the same manner. Placentas were harvested at E13.5 and E15.5, sectioned 

in a sagittal plane, and histological assays performed as described in Methods. A-D show 

H&E stained sections of CON and MATcKO placentas at E13.5 and E15.5. While the 

overall structure is preserved in MATcKO (B) when compared to CON (A) at E13.5, the 
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relative thickness of the decidual layer was decreased and the junctional zone increased as a 

proportion of total placental area. At E15.5, the MATcKO (D) placental thickness increased 

as a proportion of total placental area while the junctional zone thickness remained 

unchanged. E-H) In situ hybridization was performed to detect Tpbpa, a marker of 

spongiotrophoblasts, and samples were counterstained with nuclear fast red. An increase of 

Tpbpa staining in the junctional zone of MATcKO placentas is observed at E13.5 as 

compared to CON (E, F). By E15.5, Tpbpa staining in CON placentas increased and appears 

similar to MATcKO (G, H). Dec- Decidua, JZ- Junctional Zone, Lab- Labyrinth; Tpbpa-

Trophoblast specific protein α, Scale bars (µm): A-H, 500.
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Figure 2. 
MATcKO Hif-1α affects differentiation of spongiotrophoblast and glycogen trophoblast 

cells. E13.5 and E15.5 sections from CON (A, C, G, I) and MATcKO (B, D, F, H, J) 

placentas were examined by in situ hybridization for Plp-F to identify spongiotrophoblasts 

(A–D). Plp-N (E–H) and PAS (I, J) were used to identify glycogen trophoblasts. Staining of 

both Plp-F and Plp-N was increased in E13.5 MATcKO as compared to CON, while staining 

for both genes was similar at E15.5 in CON and MATcKO. However, assessment of 

glycogen trophoblast morphology by PAS staining at E15.5 in CON (I) versus MATcKO (J) 
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placentas indicated smaller, more compact morphology in MATcKO. The box in G indicates 

a representative area of junctional zone as shown in I and J. Yellow arrows indicate glycogen 

trophoblasts. Scale bars (µm): AH: 500; I, J: 50.
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Figure 3. 
MATcKO Hif-1α affects trophoblast giant cells. Sections from E15.5 CON and MATcKO 

placentas were examined by in situ hybridization for Plf (Prl2c2). Plf (Prl2c2)-expressing 

spiral artery-associated trophoblast giant cells (SpA-TGCs) are present in the junctional 

zone and decidua of CON placenta (A) and in the junctional zone of MATcKO, but are 

substantially reduced in the decidua of MATcKO (B). There are increased numbers of Plf 
(Prl2c2) positive cells in the labyrinth of MATcKO placenta (B, arrows). The boxed areas in 

A and B are shown at higher magnification in C and D where the Plf (Prl2c2) positive cells 

can be seen surrounding the spiral arterioles in the decidua of CON (C, arrows) but not in 

MATcKO (D). Dotted lines in C and D indicate maternal arterioles. Scale bars (µm): A, B: 

500; C, D: 50.
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Figure 4. 
MATcKO Hif-1α decreases expression of Gcm1, a marker of syncytiotrophoblast 

differentiation, and alters labyrinth morphology. Sections from E13.5 (A–D) and E15.5 (E–

H) CON and MATcKO E:Cre+ placentas were examined by in situ hybridization with a 

probe against Gcm1 and at E15.5 by alkaline phosphatase (AP) staining (I, J) to identify 

maternal blood spaces in the labyrinth. Gcm1 appears decreased in the labyrinth of the 

MATcKO (B, D, F, H) compared to CON placentas (A, C, E, G). Higher magnification of 

boxed areas in A, B, E, F are shown in C, D, G, H. Alkaline Phosphatase (AP) staining in 
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MATcKO E:Cre+ (J) is notable for increased number of avascular spaces (dotted lines and 

arrows) as compared to CON (I). Shown as insets are high magnification images of the 

boxed areas. Arrows in insets, avascular spaces; Lab- Labyrinth; Gcm1, glial cells missing 

homolog 1. Scale bars (µm): A, B, E, F: 500; C, D, G, H: 50; I, J: 300.
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Figure 5. 
MATcKO Hif-1α causes reduction in uterine Natural Killer (uNK) cells in the placental 

decidua. Maternally derived uNK cells were detected by immunostaining of E13.5 and 

E15.5 placentas using anti-Perforin antibody as described in Methods. The number of 

Perforin positive cells are significantly decreased at E13.5 and E15.5 in the decidua of 

MATcKO (B, F) as compared to CON (A, E). The boxed areas in A, B and E, F are shown at 

higher magnification in C, D and G, H respectively. Arrows in (G) indicate maternal 

decidual arterioles. J) The number of perforin positive cells were counted in 2–3 fields of 
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view per section and presented as number (#) of perforin positive cells/mm2. I) No primary 

antibody (negative control). Values are mean ± SEM *p<0.001, n=4–6. Scale bars (µm): A, 

B, E, F: 500; C, D, G – I: 50.

Kenchegowda et al. Page 26

Dev Biol. Author manuscript; available in PMC 2018 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
MATcKO Hif-1α reduced the number of Ki67 positive cells in E15.5 placental labyrinth. 

Ki67 was detected by immuno-staining as described in Methods and used as an indicator of 

cell proliferation. The number of Ki67 positive cells are significantly decreased in the 

labyrinth of E15.5 MATcKO placentas (B) as compared to CON (A). The boxed areas in A, 

B are shown at higher magnification in C, D. Arrows in (C, D) indicate Ki67 positive cells. 

E) The number of Ki67 positive cells in the labyrinth were counted in one field of view per 

section and presented as number of Ki67 positive cells/mm2 Values are mean ± SEM, 

*p<0.05, n=6 Scale bars (µm): A, B: 300; C, D: 100.
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Figure 7. 
MATcKO Hif-1α induced TUNEL positive cells in E15.5 placental labyrinth. Apoptosis was 

detected by the TUNEL assay which identified DNA fragmentation in E15.5 placentas. 

TUNEL positive cells are present in the labyrinth of MATcKO placentas (B) and not in CON 

(A). The boxed areas in A, B are shown at higher magnification in C, D. Arrows in (D) 

indicate TUNEL positive cells. Scale bars (µm): A, B: 300; C, D: 100.
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Figure 8. 
ODD-Luc activity declines during normal mouse development and is robustly induced by 

maternal O2 deprivation in proportion to the basal levels. Mice were homozygous for ODD-

Luc (Oxygen Degradation Domain of Hif-1α fused to Luciferase reporter protein) expressed 

from the ROSA locus. ODD-Luc mice underwent timed breedings and organs were 

harvested at the indicated days of gestation. Luciferase activity was measured in lysates 

from A) placenta B) heart C) liver and D) brain from E9.5- or 10.5 −17.5, at post-natal day 5 

(PN5) and maturity (8 weeks). Pregnant ODD-Luc mice from the same stages were 
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subjected to reduced concentrations of inspired oxygen (8% O2 for 4 hours) and luciferase 

activity was measured. Luciferase activity was normalized to total protein and expressed as 

fmol Luciferase/mg protein. Data in dotted boxes in B, C, D are re-shown in insets with a 

compressed y-axis for clarity. The number of samples in each group is indicated within the 

bar graph (n). Student’s t- test was used for comparison of hypoxia vs. room air samples. 

*P<0.05; **P<0.01; ***P<0.001. In the developmental series shown in A, B, C and D, basal 

luciferase activity (Room air) was analyzed by one-way ANOVA with Bonferroni correction 

for multiple comparisons; groups sharing the same symbol are not significantly different 

(P>0.05).
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Figure 9. 
Conditional knock-out of Hif-1α in maternal cells reduces O2 reserve at E13.5. Hif-1α/f/fβ-
actinCre+ females were mated with ODD-Luc homozygous males and injected with 

Tamoxifen (3 mg/40 g bw) on E8.5 and 9.5. Control mice (β-actinCre+) were mated with 

ODD-Luc males and treated with Tamoxifen in the same manner. One-half of the pregnant 

mice in each group were subjected to reduced concentrations of inspired O2 (8% O2 for 4 

hours) at E11.5 or E13.5 or E15.5 and then euthanized. ODD-Luc activity per mg protein 

was measured in the placenta and fetal organs as described above. ODD-Luc activity in each 
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organ at the gestational ages indicated was normalized to the value from the control mice 

under room air (21% O2) and reported as fold-change. The number of samples in each group 

is indicated within the bar graph (n). Values in the different groups were compared by one-

way ANOVA with Bonferroni correction for multiple comparisons; groups sharing the same 

symbol are not significantly different (P>0.05).
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Figure 10. 
MATcKO Hif-1α results in fetal defects in Hif-1α heterozygous null embryos 

(Hif-1αf/+,Cre+). MATcKO Hif-1α was achieved as described in Fig. 1. Shown are embryos 

from a MATcKO dam that are effectively WT (Hif-1αf/+,Cre) (A,C,E) versus Hif-1α 
heterozygous null (B,D,F). Embryos are shown in whole mount (A, B) and in H&E stained 

sections (C–F) from anterior to posterior with respect to the heart. The WT embryos have 

normal appearance in whole mount (A) and in sections (C, E). The Hif-1α heterozygous null 
embryos are smaller and edematous and can be seen to have hemorrhages (arrow heads in 
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B). Embryos of this genotype were non-viable at E15.5. D, F) Hif-1α heterozygous null 

hearts were smaller, showed thickened epicardium (arrow head) and increased mesenchymal 

tissue in the septum. AO, Aorta; PA, Pulmonary artery; RVOT, Right ventricular outflow 

tract; RV, Right ventricle, LV, Left ventricle. Scale bars (mm): A, B: 1.0; C-F: 0.5.
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