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Abstract

Placental restriction and insufficiency are associated with altered patterns of

placental growth, morphology, substrate transport capacity, growth factor

expression, and glucocorticoid exposure. We have used a pregnant sheep

model in which the intrauterine environment has been perturbed by uterine

carunclectomy (Cx). This procedure results in early restriction of placental

growth and either the development of chronic fetal hypoxemia

(PaO2≤17 mmHg) in late gestation or in compensatory placental growth and

the maintenance of fetal normoxemia (PaO2>17 mmHg). Based on fetal

PaO2, Cx, and Control ewes were assigned to either a normoxemic fetal group

(Nx) or a hypoxemic fetal group (Hx) in late gestation, resulting in 4 groups.

Cx resulted in a decrease in the volumes of fetal and maternal connective tis-

sues in the placenta and increased placental mRNA expression of IGF2, vascu-

lar endothelial growth factor (VEGF), VEGFR-2, ANGPT2, and TIE2. There

were reduced volumes of trophoblast, maternal epithelium, and maternal con-

nective tissues in the placenta and a decrease in placental GLUT1 and

11bHSD2 mRNA expression in the Hx compared to Nx groups. Our data

show that early restriction of placental growth has effects on morphological

and functional characteristics of the placenta in late gestation, independent of

whether the fetus becomes hypoxemic. Similarly, there is a distinct set of pla-

cental changes that are only present in fetuses that were hypoxemic in late

gestation, independent of whether Cx occurred. Thus, we provide further

understanding of the different placental cellular and molecular mechanisms

that are present in early placental restriction and in the emergence of later

placental insufficiency.

Introduction

In mammals, the placenta is the primary interface

between the mother and fetus and plays an essential role

in maintaining fetal growth and development by facilitat-

ing the transfer of oxygen and nutrients to the fetus and

removing fetal carbon dioxide and wastes. Failure of the
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placenta to deliver an adequate supply of substrates to the

fetus is termed placental insufficiency and results in

intrauterine growth restriction (IUGR). IUGR is clinically

defined as a birth weight below the tenth centile for gesta-

tional age, that is, where the fetus does not meet its

growth potential (McMillen et al. 2001; Morrison 2008).

IUGR affects 5–10% of pregnancies in developed coun-

tries (Limesand et al. 2006; Bamfo and Odibo 2011; Li

et al. 2012), and is associated with a high incidence of

perinatal morbidity and mortality, as well as an increased

risk of cardiovascular disease, hypertension and type 2

diabetes in adulthood (Barker et al. 1993, 2010; McMillen

and Robinson 2005).

A range of human and animal studies in IUGR preg-

nancies have suggested that placental restriction and

insufficiency may be associated with a series of morpho-

logical and functional changes in the placenta, such as

altered growth, substrate transport capacity, increased

apoptosis, and autophagy, as well as increased glucocorti-

coid exposure (Zhang et al. 2015). Previous reports have

shown a decrease in the surface area, volume, and num-

ber of terminal villi and capillaries in placentas from

IUGR compared with normal human pregnancies (Krebs

et al. 1996; Mayhew et al. 2003). Placental expression of

vascular endothelial growth factor (VEGF), basic fibrob-

last growth factor (FGF2), angiopoietin-1 (ANGPT1),

angiopoietin-2 (ANGPT2), and angiopoietin receptor

(TIE-2) are significantly higher in human IUGR pregnan-

cies and in the hyperthermia-induced sheep model of

IUGR (Regnault et al. 2002, 2003; Hagen et al. 2005;

Barut et al. 2010). Placental insulin-like growth factor 2

(IGF2) and IGF1 mRNA expression were also increased at

55 and 90 days of gestation in hyperthermia-induced

IUGR pregnancies (de Vrijer et al. 2006). In humans, pla-

cental glucose transporter 1 (GLUT1) mRNA expression

and protein abundance was decreased in the presence of

an IUGR fetus, suggesting placental glucose transport

capacity is impaired in these pregnancies (Dubova et al.

2013; Janzen et al. 2013). Placental 11b-hydroxysteroid
dehydrogenase 2 (11bHSD2) expression and activity was

significantly reduced in deliveries complicated by IUGR

compared with term or appropriately grown preterm

deliveries, suggesting that increased intraplacental gluco-

corticoids may contribute to reduced substrate delivery in

the IUGR pregnancy (Shams et al. 1998).

An experimental model of placental restriction has been

developed in the sheep, using uterine carunclectomy (Cx),

a procedure involving surgical removal of most endome-

trial caruncles from the uterus of nonpregnant ewes prior

to conception. During a subsequent pregnancy, fewer pla-

centomes form, resulting in the restriction of fetal sub-

strate supply, chronic hypoxemia and fetal growth

restriction throughout late gestation (Alexander 1964;

McMillen et al. 2001; Morrison 2008). This results in an

increase in the volume density of the trophoblast and the

feto-maternal syncytium within the placentomes (Robin-

son et al. 1995); however, no study has investigated the

molecular changes that occur in the placenta after this

intervention. One important feature of carunclectomy is

that it does not inevitably lead to chronic fetal hypoxemia

in late gestation because there is a degree of compensatory

placental growth or efficiency that may be sufficient to

result in the maintenance of fetal normoxemia (Butler

et al. 2002). Therefore, in this model, it is possible to

determine whether Cx induces early restriction of placental

growth, differentiation and function, independently of

whether chronic fetal hypoxemia develops in late gestation.

It is also possible to determine whether placental growth

and function is altered in fetuses that were hypoxemic in

late gestation, independently of whether Cx occurred. In

sheep, the type A and B placentomes predominate

throughout gestation and account for 60% or more of the

total number in a normal pregnancy (Ward et al. 2006).

The gross morphology of placentomes also changes pro-

gressively throughout gestation with an increase in the

number of everted (type C and D) placentomes in late ges-

tation (Alexander 1964; Fowden et al. 2006). Thus, type A

and B placentomes may be more likely to show any differ-

ences in histology and gene expression specific to early

restriction of placental growth induced by Cx, and subse-

quent chronic fetal hypoxemia in late gestation. In this

study, we have determined the impact of Cx associated

with either fetal hypoxemia (Hx) or normoxemia (Nx) on

placental growth, transport capacity, apoptosis, autophagy,

and glucocorticoid exposure.

Methods

Ethical approval

All experimental procedures were approved by the Univer-

sity of Adelaide and the IMVS/University of South Aus-

tralia Animal Ethics Committee and performed according

to the guidelines of the Australian code of practice for the

care and use of animals for scientific purposes.

Animals and surgery

Carunclectomy surgery

Forty nonpregnant Merino ewes were randomly assigned to

surgical removal of the majority of the endometrial carun-

cles (leaving four visible caruncles in each horn), as previ-

ously described (carunclectomy; Cx (Danielson et al. 2005;

Edwards et al. 1999)) with general anesthesia (induced,

intravenous injection of sodium thiopentone (1.25 g
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Pentothal, Rhone Meriux, Pinkenba, QLD, Australia);

maintained, 2% isoflurane in O2). After a minimum 10-

week recovery period, these ewes and 38 Control (no previ-

ous surgery) ewes entered a mating program. Pregnancy in

both Control and Cx ewes was confirmed by ultrasound at

~55 days gestation (term, 150 � 3 days). Only fetuses from

a singleton pregnancy were included in the study.

Fetal catheterization surgery

At 115–125 days gestation, both Control and Cx ewes were

anesthetized as described above and catheters were

implanted in the maternal jugular vein, fetal jugular vein,

fetal carotid artery, and amniotic cavity (Edwards et al.

1999; Danielson et al. 2005). Fetal catheters were exterior-

ized through a small incision in the ewes’ flank. At surgery,

antibiotics were administered intramuscularly to the ewe

(153.5 mg procaine penicillin, 393 mg benzathine peni-

cillin; 500 mg dihydrostreptomycin, Lyppards, SA, Aus-

tralia) and fetus (150 mg procaine penicillin, 112.5 mg

benzathine penicillin; 250 mg dihydrostreptomycin, Lyp-

pards, SA, Australia). Ewes were housed in individual pens

in animal holding rooms with a 12 h light–dark cycle. After
surgery, antibiotics were administered intramuscularly to

each ewe for 3 day and to each fetus intra-amniotically

(500 mg ampicillin, Lyppards, South Australia, Australia)

for 4 day.

Arterial blood gas measurements

Fetal arterial blood samples (0.5 mL) were collected daily

for the measurement of PaO2, PaCO2, pH, hemoglobin

(Hb), hematocrit, base excess, and oxygen saturation

(SaO2), using an ABL analyser (Radiometer, Copenhagen,

Denmark) with the temperature corrected to 39°C. Oxygen
content was calculated using the formula ((PaO2 9 0.003)

+ [Hb] 9 (SO2/100) 9 1.39) (Danielson et al. 2005).

Mean gestational blood gas values were calculated as the

average of all fetal blood gas values collected from three

days postsurgery until postmortem. Chronic hypoxemia

was defined as a mean gestational PaO2 of less than or

equal to 17 mmHg (Butler et al. 2002; Danielson et al.

2005; Morrison et al. 2007; Dyer et al. 2009). Our previous

studies have shown that there is a continuous range of

PaO2 and fetal body weights in normally grown and Cx

fetuses, and that when the mean gestational PaO2 is less

than 17 mmHg, the fetal body weight is <10th centile

(Danielson et al. 2005; Morrison et al. 2007; Dyer et al.

2009; Wang et al. 2011). Control and Cx ewes were allo-

cated to either a Nx group (Nx; arterial PaO2 >
17 mmHg) or a Hx group (Hx; PaO2 ≤ 17 mmHg), result-

ing in four treatment groups (Control+Nx, n = 29; Con-

trol+Hx, n = 9; Cx+Nx, n = 14; Cx+Hx, n = 26).

Postmortem and tissue collection

Ewes (Control+Nx, n = 29; Control+Hx, n = 9; Cx+Nx,
n = 14; Cx+Hx, n = 26) were humanely killed between

130 and 134 days gestation with an overdose of sodium

pentobaritone (Lethobarb; 25 mL; 325 mg/mL, Virbac

Aus, Peakhurst, NSW, Australia) via the maternal jugular

vein catheter. Fetuses were delivered by hysterectomy and

weighed. Placentomes were removed from the uterus and

total placentome number, type, and weight of each pla-

centome was recorded (Vatnick et al. 1991; Ward et al.

2006). Placental efficiency was calculated, using the equa-

tion fetal weight divided by placental weight (Regnault

et al. 2003; Poudel et al. 2015). Placentomes were either

frozen in liquid nitrogen for molecular analyses and/or

fixed with 4% paraformaldehyde and embedded in paraf-

fin for the morphological analyses.

Quantification of mRNA expression, using
real-time RT-PCR

All essential information regarding our procedure is

included as per the MIQE guidelines (Bustin et al. 2009).

Total RNA was extracted from the inverted (type A or B)

placentomes (Control+Nx, n = 20; Control+Hx, n = 8;

Cx+Nx, n = 11; Cx+Hx, n = 16), using the miRNeasy kit

following the manufacturer’s protocol (Qiagen, Chad-

stone, VIC, Australia). The ratio of the optical density at

260and 280 nm was used to calculate the correct dilutions

of extracted RNA used for cDNA synthesis. cDNA was

synthesized by reverse transcription, using Superscript III

(Invitrogen by Life Technologies, Mulgrave, VIC, Aus-

tralia). A no template control (NTC) containing no RNA

transcript and a no amplification control (NAC) contain-

ing no Superscript III were used to check for reagent con-

tamination and genomic DNA contamination,

respectively. The relative expression of mRNA transcripts

in the placentome was measured by quantitative real-time

PCR, using the ViiATM 7 Real-Time PCR System (Applied

Biosystems by Life Technologies, Mulgrave, VIC, Aus-

tralia). A PCR reaction consisted of Fast SYBR Green

(Sigma, Australia), forward and reverse primers (Gene-

Works, Adelaide, SA, Australia), molecular-grade H2O,

and cDNA (Table 1). The most stable three reference

genes, including phosphoglycerate kinase 1, b-actin, and
glyceraldehyde-3-phosphate dehydrogenase were selected

from a panel of candidate genes based in the geNorm

component of qbaseplus 2.0 software (Biogazelle, Zwij-

naarde, Belgium) (Passmore et al. 2009; Soo et al. 2012;

Botting et al. 2014). The abundance of each transcript

was normalized to three reference genes and expressed as

mean normalized expression. Target genes of interest fell

into several categories and primer sequences were
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validated for use in the sheep in this study or in prior

studies, including hypoxia-inducible factors (HIF1A,

HIF1B, HIF2A, and HIF3A (Botting et al. 2014)), vasculo-

genesis and angiogenesis (VEGF, VEGF receptors includ-

ing VEGFR-1 and VEGFR-2, FGF2, ANGPT1, ANGPT2,

TIE2 (Botting et al. 2014); Table 1), glucose transporters

(GLUT1, GLUT3, and GLUT4 (Botting et al. 2014; Muhl-

hausler et al. 2009)), amino acid transporters (cationic

amino acid transporter (CAT-1), large neutral amino acid

transporter (LAT-1), sodium-coupled neutral amino acid

transporters (SNAT1 and SNAT4); Table 1), fatty acid

transporters, and binding proteins (FATP1, FATP4,

FABP5, and fatty acid translocase (CD36) (Wang et al.

2013; Lie et al. 2014); Table 1), IGFs and receptors (IGF1,

IGF2, IGF1R and IGF2R (MacLaughlin et al. 2007; Zhang

et al. 2010)), apoptosis (BCL-2-like protein 4 (BAX), B-

cell lymphoma 2 (BCL-2), and p53 (Botting et al. 2014);

Table 1), autophagy (BECLIN-1, light chain three isoform

B (LC3B), and lysosomal-associated membrane protein 1

(LAMP1) (Botting et al. 2014)), and glucocorticoid action

(11bHSD1, 11bHSD2, and glucocorticoid receptor (GR)

(Zhang et al. 2010; McGillick et al. 2014)).

Placental histology and morphometric study

The inverted placentomes (Control+Nx, n = 5; Con-

trol+Hx, n = 5; Cx+Nx, n = 3; Cx+Hx, n = 3) were cut

(5 lm) and stained with Masson’s trichrome, using pub-

lished methods (Roberts et al. 2001; MacLaughlin et al.

2005; Fletcher et al. 2007). Sections were examined with a

209 objective lens and a 109 ocular lens on an Olympus

VANOX-AHT microscope (Olympus Optical Co., Ltd.,

Tokyo, Japan), using a Colorview I camera with AnalySIS

image analysis software (Soft Imaging Systems, Gulfview

Heights, SA, Australia). The proportions of placental tro-

phoblast, fetal capillaries, fetal connective tissue, maternal

epithelium, maternal capillaries, and maternal connective

tissue were quantified, using point counting with an iso-

tropic L-36 Merz transparent grid placed on the monitor

screen. A random systematic field selection method was

utilized. Ten fields (360 points) were counted in each sec-

tion, 1 mm apart, with the aid of the stage micrometer.

The volume density (Vd) of each of the specified compo-

nents of the placentome and placenta was calculated,

using the following formula, Vd = Pa/PT, where Pa is the

total number of points falling on a particular component

and PT is the total number of points in the section

(Roberts et al. 2001; MacLaughlin et al. 2005; Fletcher

et al. 2007). The estimated volume of each of the speci-

fied components in each individual placentome or pla-

centa was calculated by multiplying the volume density of

each component by the weight of the individual placen-

tome or total placenta.

Intercept counting on the same grid on the same fields

was utilized to calculate the surface density (Sv) of tro-

phoblast, taking into account the total magnification on

the monitor screen,using the formula, Sv = 2 9 Ia/LT,

where Ia is the number of intercepts with the line and LT
is the total length of the lines applied (Roberts et al.

2001; MacLaughlin et al. 2005; Fletcher et al. 2007). Total

surface area for the placentome from which the section

was cut and total placenta was estimated by multiplying

the surface density by placentome weight or total placen-

tal weight and assumes that surface density is similar in

all placentomes (Roberts et al. 2001; MacLaughlin et al.

2005; Fletcher et al. 2007). The arithmetic mean barrier

of trophoblast to diffusion was calculated using the for-

mula, barrier thickness, BT=Vd/Sv, where Vd is the volume

density of trophoblast and Sv is the surface density of tro-

phoblast (Roberts et al. 2001; MacLaughlin et al. 2005;

Fletcher et al. 2007).

Statistical analysis

All data are presented as mean � standard error of the

mean (SEM). The effects of treatment (Control vs. Cx)

representing early placental growth from conception,

fetal hypoxemia (Nx vs Hx) representing late placental

Table 1. Primer sequences for real time RT-PCR.

Gene Accession number Sequence

VEGFR-2 AF513909.1 Fwd: 50- TTGATTGCTGGCATGGGGAT -30Rev: 50- AGGCAGAGAGAGTCCCGAAT -30

FGF2 NM_001001855.2 Fwd: 50- GTGCAAACCGTTACCTTGCT -30Rev: 50- ACTGCCCAGTTCGTTTCAGT -30

CAT-1 AF212146 Fwd: 50- CAGACGGGCTTTTTACCGGA -30Rev: 50- CAACTCCCCTTTCACCAGGG -30

LAT-1 AY162432 Fwd: 50- CGTCAATGGGTCCCTCTTCA -30Rev: 50- AAGGCGTAAAGCAGGGTCAT -30

SNAT1 XM_004006423.1 Fwd: 50- GAGTCGTTGGCGTTACATCT -30Rev: 50- ATTCGCTGAGTTCCCTTATCC -30

SNAT4 XM_004006419 Fwd: 50- CATGGCAGTGGAGTGGAGTT -30Rev: 50- TAGGAAGGACCTCAGGGTGG -30

FATP4 XM_004005604.1 Fwd: 50- CGTGGTGCATAGCAGGTATTA -30Rev: 50- GTTTCCTGCAGAGTGGTAGAG -30

FABP5 NM_001145180.1 Fwd: 50- ATCAGGAATGGGATGGAAAGG -30Rev: 50- AGACCCGAGTACAGGTAACA -30

p53 NM_001009403.1 Fwd: 50- GCTATGGGTCGACTCGCCGC -30Rev: 50- GGGGACTGCGCCTCACAACC -30
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insufficiency and fetal sex were examined by a 3-way

ANOVA on blood gas measurements, fetal weight, rela-

tive brain weight, total placental weight, number of pla-

centomes, mean placentome weight, placental efficiency

as well as placental mRNA expression, using IBM Statis-

tical Package for Social Scientists Statistics version 21

(SPSS Inc., Chicago, IL). The effects of treatment and

hypoxemia were determined by a 2-way ANOVA on the

placental morphology data, as the sample size was too

small to investigate the effect of sex in this part of the

data. To determine the effect of placentome type, the

placentome data was analyzed, using STATA12 (Data

analysis and statistical software for repeated measures

[StataCorp LP, College Station, TX]) for a 3-way

ANOVA (with the factors including treatment, hypox-

emia and placentome type (inverted (A and B) or

everted (C and D)) with animal number nested within

treatment groups to identify placentomes coming from

the same animal. When a significant interaction between

major factors was identified, the data were split on the

basis of the interacting factors and re-analyzed. Linear

regression and correlation analyses were performed, using

Sigma Plot 12.5 Software (Systat Software Inc, San Jose,

CA). A probability level of 5% (P < 0.05) was considered

to be statistically significant.

Results

Fetal arterial blood gas information

Mean gestational PaO2 was lower (P < 0.05), while

PaCO2, hemoglobin and hematocrit were higher

(P < 0.05) in the Hx groups compared with the Nx

groups, regardless of whether they were Control or Cx

animals (Table 2). There was no effect of Cx, Hx, or an

interaction between the effects of Cx and Hx on mean

gestational pH and base excess (Table 2). Mean gesta-

tional oxygen saturation and oxygen content were lower

(P < 0.05) in the Cx compared with the Control groups,

and were also lower (P < 0.05) in the Hx compared with

the Nx groups. There was no effect of fetal sex on any of

the fetal arterial blood gas parameters.

Effects of carunclectomy and hypoxemia on
fetal weight, brain weight and placental
weight

Fetal weight was lower (P < 0.05) in the Cx groups (26%

reduction) compared with the Control groups and this

occurred independently of whether the fetus was Nx or

Hx (Fig. 1). Fetal weight was higher in male

(3.60 � 0.14 kg) than in female fetuses (3.25 � 0.15 kg;

P < 0.05) in both the Control and Cx groups. Relative

brain weight was higher (P < 0.05) in the Cx groups

compared with the Control groups (Fig. 1), independent

of fetal sex and Hx.

Total placental weight was lower in the Cx compared

with the Control groups (P < 0.05), and also lower in the

Hx compared with the Nx groups (P < 0.05; Fig. 2), irre-

spective of the sex of the fetus. Total placentome number

was lower in the Cx compared with the Control groups

independent of whether the fetus was Nx or Hx (P < 0.05;

Fig. 2), and was higher in male (41.7 � 4.0) compared to

female fetuses (37.4 � 3.8; P < 0.05). Mean placentome

weight was higher (P < 0.05) in the Cx compared with the

Control groups, and was also lower (P < 0.05) in the Hx

compared with the Nx groups (Fig. 1). Placental efficiency

was higher in the Cx compared with the Control groups

and was also higher in the Hx compared with the Nx

groups, irrespective of the sex of the fetus (P < 0.05;

Fig. 1). There were significant relationships between pla-

cental weight and fetal weight, between placental weight

and mean gestational PaO2, between placental weight and

placental efficiency as well as between placental weight and

relative brain weight when all treatment groups were con-

sidered (Fig. 3). There was also a significant relationship

between mean gestational PaO2 and fetal weight when all

treatment groups were considered (Fig. 3).

There was an interaction between the effects of Cx, Hx

and placentome type on placentome numbers, placentome

weights and percentages of placentome numbers and

weights among type A, B, C and D placentomes (P < 0.05;

Fig. 2). The effects of Cx and Hx were then examined in

individual types of placentomes. The total numbers of type

A, B and C placentomes were significantly lower in the Cx

compared with the Control groups. The total number of

type A placentomes was lower but the total numbers of

type C and D placentomes were higher in the Hx com-

pared with the Nx groups. The total weights of type A, B

and C placentomes were lower in the Cx compared with

the Control groups. The total weights of type A and B pla-

centomes were lower but the total weight of type D placen-

tomes was higher in the Hx compared with the Nx groups.

There was a lower percentage of type A placentome num-

bers, but higher percentages of type C and D placentome

numbers in the Hx compared with the Nx groups. Simi-

larly, there was a lower percentage of type A placentomes

by weight, but higher percentage of type D placentomes by

weight in the Hx compared with the Nx groups.

Effects of carunclectomy and hypoxemia on
mid-saggital placental morphology

There was no effect of Cx or Hx on volume density of

trophoblast, fetal capillaries, fetal connective tissue,

maternal epithelium, maternal capillaries and maternal
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connective tissue (Table 3). The absolute volumes of

trophoblasts and maternal capillaries in the placentome

were higher (P < 0.05) in the Cx compared with the

Control groups, regardless of whether the fetus was Nx

or Hx (Table 3). There was no effect of Cx or Hx on

the absolute volumes of fetal capillaries, fetal connective

tissue, maternal epithelium or maternal connective tis-

sue in the placentome (Table 3). Volumes of tro-

phoblasts, maternal epithelium and maternal connective

tissues in placenta were lower (P < 0.05) in the Hx

compared with the Nx groups, and the volumes of fetal

connective tissue and maternal connective tissue in pla-

centa were lower in the Cx compared with the Control

groups (P < 0.05; Table 3). There was no effect of Cx

or Hx on volumes of fetal capillaries and maternal cap-

illaries in placenta (Table 3).

There was no difference in surface density and bar-

rier thickness between the Control and Cx groups

Table 2. Fetal mean gestational arterial blood gas measurements.

Control Cx

Nx(n = 29) Hx(n = 9) Nx(n = 14) Hx(n = 26)

PaO2 (mmHg) 21.6 � 0.5 15.0 � 0.51 19.7 � 0.5 14.4 � 0.41

PaCO2 (mmHg) 47.9 � 0.7 52.2 � 1.51 49.3 � 0.9 49.8 � 0.81

pH 7.373 � 0.005 7.359 � 0.007 7.367 � 0.007 7.363 � 0.004

Hemoglobin (g/dL) 9.0 � 0.2 10.9 � 0.61 8.8 � 0.4 10.7 � 0.41

Hematocrit (%) 27.6 � 0.7 35.4 � 2.11 28.2 � 1.4 34.6 � 1.61

O2 saturation (%) 66.6 � 1.3 45.3 � 3.51 58.2 � 2.22 37.8 � 2.22,1

Base excess (mEq/L) 2.0 � 0.5 3.0 � 0.8 2.0 � 0.6 2.1 � 0.4

O2 content (mL/dL) 8.4 � 0.2 6.8 � 0.41 7.2 � 0.32 5.6 � 0.32,1

Cx, carunclectomy. Nx, normoxemic group. Hx, hypoxemic group. Values are mean � SEM.
1Denotes an effect of hypoxemia (Nx vs. Hx)
2Denotes an effect of Cx treatment (Control vs. Cx). P < 0.05.
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independent of whether the fetus was Nx or Hx

(Table 4). The surface area for exchange in the pla-

centome was higher (P < 0.05) in the Cx compared

with the Control groups regardless of whether the

fetus was Nx or Hx (Table 4). The surface area for

exchange in the placenta was lower (P < 0.05) in the

Hx compared with the Nx groups in both Control

and Cx fetuses (Table 4).

Effects of carunclectomy and fetal
hypoxemia on mRNA expression in the
placenta

There was no effect of fetal sex or any interaction between

fetal sex and Cx or Hx on the mRNA expression of any

of the genes.

IGFs and receptors

Placental IGF2 mRNA expression was higher in the Cx

groups compared with the Control groups independent of

whether the fetus was Nx or Hx (P < 0.05; Table 5).

There was no difference in placental IGF1, IGF1R, and

IGF2R mRNA expression between the four groups

(Table 5).

Hypoxia-inducible factors

There was an interaction between the effects of Cx and Hx

on placental HIF1A mRNA expression (P < 0.05; Table 5).

HIF1A mRNA expression was lower in the Control+Hx

group compared with the Control+Nx group, but was

higher in the Cx+Hx group compared with the
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Control+Hx group. In contrast, there was no difference in

placental mRNA expression of HIF1B and HIF2A between

the four groups (Table 5). Placental mRNA expression of

HIF3A was higher in the Hx compared with the Nx groups

in both Control and Cx fetuses (P < 0.05; Table 5).

Genes involved in vasculogenesis and
angiogenesis

Placental VEGF mRNA expression was higher (P < 0.05)

in the Cx compared with the Control groups (P < 0.05),

but was lower (P < 0.05) in the Hx compared with the

Nx groups (Fig. 4). Placental VEGFR-2, TIE2, and

ANGPT2 mRNA expression was higher in the Cx com-

pared with the Control groups independent of whether

the fetus was Nx or Hx (P < 0.05; Fig. 4). Placental

ANGPT1 mRNA expression was lower in the Hx com-

pared with the Nx groups in both Control and Cx fetuses

(P < 0.05; Fig. 4). There was an interaction between the

effects of Cx and Hx on placental VEGFR-1 and FGF2

mRNA expression (P < 0.05, Fig. 4). Placental VEGFR-1

mRNA was higher in the Control+Hx and Cx+Nx groups

compared with the Control+Nx group. Placental FGF2

mRNA expression was higher in the Cx+Hx compared

with the Cx+Nx group.

When all treatment groups were considered, there were

significant relationships between placental ANGPT2

mRNA expression and volume density of fetal connective

tissue, between VEGF mRNA expression and volume of

trophoblasts in the placentome, between VEGFR-2 mRNA

expression and volumes of trophoblasts and fetal connec-

tive tissue in the placentome, and between ANGPT1

mRNA expression and volumes of maternal epithelium

and maternal capillaries in the placenta (Fig. 5).

Glucose, amino acid and fatty acid transporters

Placental GLUT1 mRNA expression was lower (P < 0.05)

in the Hx compared with the Nx groups, regardless of

whether or not they were Control or Cx (Fig. 6). There
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was no difference in placental GLUT3 or GLUT4 mRNA

expression between the four groups (Fig. 6). Placental

FATP4 mRNA expression was lower (P < 0.05) in the

Cx compared with Control groups independent of

whether the fetus was Nx or Hx (Fig. 7). Placental

mRNA expression of SNAT1 and FABP5 was lower

(P < 0.05) in the Hx compared with the Nx groups in

both Control and Cx fetuses (Fig. 7). There was no

difference in placental mRNA expression of CAT-1,

LAT-1, SNAT4, FATP1, and CD36 between the four

groups (Fig. 7).

Potential glucocorticoid exposure

Placental 11bHSD2 mRNA expression was lower in the

Hx compared with the Nx groups in both Control and

Table 3. Effects of carunclectomy and hypoxemia on the volume density (Vd) and volumes of fetal and maternal components in the placen-

tome and placenta during late gestation.

Control Cx

Nx(n = 5) Hx(n = 5) Nx(n = 3) Hx(n = 3)

Trophoblast

Vd 0.440 � 0.033 0.494 � 0.048 0.510 � 0.035 0.450 � 0.043

Volume in placentome (cm3) 3.49 � 0.42 2.94 � 0.56 6.00 � 0.802 4.71 � 1.352

Volume in placenta (cm3) 214.9 � 27.7 156.3 � 23.21 170.3 � 38.0 97.8 � 11.21

Fetal capillaries

Vd 0.013 � 0.003 0.027 � 0.006 0.021 � 0.002 0.018 � 0.003

Volume in placentome (cm3) 0.111 � 0.035 0.219 � 0.082 0.247 � 0.018 0.174 � 0.041

Volume in placenta (cm3) 6.07 � 1.60 9.21 � 3.09 7.28 � 2.13 3.84 � 0.81

Fetal connective tissue

Vd 0.073 � 0.016 0.124 � 0.022 0.069 � 0.011 0.064 � 0.008

Volume in placentome (cm3) 0.625 � 0.181 0.801 � 0.094 0.784 � 0.083 0.769 � 0.337

Volume in placenta (cm3) 35.4 � 8.9 35.8 � 2.4 22.8 � 6.82 13.9 � 2.12

Maternal epithelium

Vd 0.249 � 0.033 0.192 � 0.035 0.241 � 0.021 0.267 � 0.014

Volume in placentome (cm3) 2.01 � 0.35 1.49 � 0.51 2.78 � 0.13 3.07 � 1.30

Volume in placenta (cm3) 117.0 � 13.3 66.3 � 16.41 78.2 � 15.2 57.7 � 2.31

Maternal capillaries

Vd 0.018 � 0.005 0.013 � 0.003 0.019 � 0.003 0.023 � 0.009

Volume in placentome (cm3) 0.148 � 0.044 0.085 � 0.020 0.225 � 0.0272 0.191 � 0.0152

Volume in placenta (cm3) 8.27 � 1.67 4.41 � 1.38 6.10 � 0.72 4.94 � 1.88

Maternal connective tissue

Vd 0.206 � 0.009 0.150 � 0.027 0.140 � 0.003 0.179 � 0.036

Volume in placentome (cm3) 1.66 � 0.20 1.11 � 0.34 1.63 � 0.06 2.28 � 1.27

Volume in placenta (cm3) 99.4 � 10.1 48.5 � 10.71 46.4 � 10.32 38.6 � 7.41,2

Values are mean � SEM. Cx, carunclectomy; Nx, normoxemic group; Hx, hypoxemic group
1Denotes an effect of hypoxemia (Nx vs. Hx)
2Denotes an effect of Cx treatment (Control vs. Cx); P < 0.05.

Table 4. Effects of carunclectomy and hypoxemia on trophoblast exchange surface during late gestation.

Control Cx

Nx(n = 5) Hx(n = 5) Nx(n = 3) Hx(n = 3)

Surface density (cm2 g�1) 271 � 31 262 � 12 298 � 18 260 � 22

Surface area of placentome (m2) 0.214 � 0.032 0.147 � 0.020 0.350 � 0.0432 0.273 � 0.0812

Surface area of placenta (m2) 13.23 � 1.99 8.55 � 1.461 9.74 � 1.74 5.64 � 0.491

Barrier thickness (lm) 16.60 � 0.90 19.17 � 2.54 17.15 � 0.97 17.28 � 0.68

Values are mean � SEM. Cx, carunclectomy; Nx, normoxemic group; Hx, hypoxemic group
1Denotes an effect of hypoxemia (Nx vs. Hx)
2Denotes an effect of Cx treatment (Control vs. Cx); P < 0.05.
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Cx fetuses (P < 0.05; Fig. 8). There was no difference in

placental mRNA expression of 11bHSD1 and GR between

the four groups (Fig. 8).

Apoptosis and autophagy

There was no difference in placental mRNA expression of

regulators of apoptosis, including BAX and BCL2, as well

as autophagy including BECLIN1, between the 4 groups

(Table 5). Placental p53 mRNA was lower (P < 0.05) in

the Cx+Nx group compared with the Control+Nx group

(Table 5). Placental LC3B mRNA expression was higher

(P < 0.05) in the Cx compared with the Control groups,

but lower (P < 0.05) in the Hx compared with the Nx

groups (Table 5). There was an interaction between the

effects of Cx and Hx on placental LAMP1 mRNA expres-

sion (P < 0.05; Table 5), specifically, mRNA expression

was higher in the Control+Hx group compared with the

Control+Nx group, but was lower in the Cx+Hx group

compared with the Control+Hx group.

Discussion

This study has shown that early restriction of placental

growth affects morphological and functional characteris-

tics of the placenta in late gestation, independently of

whether or not the fetus becomes hypoxemic (Fig. 9). In

addition, independently of whether experimental restric-

tion of placental growth occurred, there is a distinct set

of morphological and gene expression changes in the pla-

centa that are only present in fetuses that were hypoxemic

in late gestation (Fig. 9).

Effects of carunclectomy and hypoxemia on
placental weight and morphology

Both Cx and Hx resulted in a decrease in total placental

weight and the number of specific types of placentomes

while Hx was also related to an increase in the number of

D type placentomes. These results indicate a shift from

inverted to everted placentome types in late gestation.

Placental efficiency was increased in both Cx and Hx

groups, suggesting placental adaptation in response to

suboptimal placental function, in both early restriction of

placental growth and the emergence of placental insuffi-

ciency. These findings were consistent with previous stud-

ies in sheep models of placental insufficiency, in which

uterine carunclectomy and hyperthermia-induced placen-

tal restriction resulted in reduced placental weight and

IUGR (McMillen et al. 2001; Limesand et al. 2006; Reg-

nault et al. 2007; Poudel et al. 2015) as well as increased

placental efficiency (Regnault et al. 2003; Fowden et al.

Table 5. The effects of carunclectomy and hypoxemia on the mRNA expression of IGFs and their receptors, HIFs, regulators of apoptosis, and

autophagy in late gestational sheep fetuses.

Control Cx

Nx(n = 20) Hx(n = 8) Nx(n = 12) Hx(n = 16)

IGFs & their receptors

IGF1 0.007 � 0.001 0.007 � 0.001 0.005 � 0.001 0.006 � 0.001

IGF2 0.963 � 0.077 0.998 � 0.175 1.613 � 0.1602 1.202 � 0.1532

IGF1R 0.058 � 0.007 0.048 � 0.005 0.051 � 0.009 0.054 � 0.006

IGF2R 0.055 � 0.005 0.062 � 0.004 0.055 � 0.007 0.063 � 0.005

HIFs

HIF1A 0.255 � 0.016 0.173 � 0.0091 0.212 � 0.018 0.248 � 0.0242

HIF1B 0.096 � 0.005 0.081 � 0.005 0.108 � 0.009 0.100 � 0.009

HIF2A 0.339 � 0.031 0.227 � 0.032 0.335 � 0.043 0.354 � 0.047

HIF3A 0.005 � 0.001 0.008 � 0.0011 0.006 � 0.001 0.007 � 0.0011

Apoptosis

BAX 0.059 � 0.004 0.056 � 0.005 0.053 � 0.003 0.056 � 0.003

BCL2 0.0026 � 0.0003 0.0023 � 0.0003 0.0029 � 0.0006 0.0024 � 0.0003

p53 0.031 � 0.001 0.028 � 0.003 0.026 � 0.0012 0.030 � 0.001

Autophagy

BECLIN1 0.076 � 0.004 0.066 � 0.005 0.073 � 0.003 0.074 � 0.007

LC3B 0.102 � 0.003 0.081 � 0.0071 0.110 � 0.0042 0.098 � 0.0041,2

LAMP1 0.116 � 0.008 0.157 � 0.0211 0.123 � 0.009 0.117 � 0.0072

Cx, carunclectomy. Nx, normoxemic group. Hx, hypoxemic group. Values are mean � SEM.
1Denotes an effect of hypoxemia (Nx vs. Hx);
2denotes an effect of Cx treatment (Control vs. Cx). P < 0.05.
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2006; Poudel et al. 2015). Our study has reinforced the

previous proposal that placentome eversion is an adapta-

tion to placental restriction, which occurs to increase the

efficiency of placental substrate transfer to the fetus

(Owens et al. 1987a,b; Robinson et al. 1997). Interest-

ingly, it has been reported that early exposure to high

plasma cortisol concentrations decreases the proportion

of type C and D placentomes, which indicates that devel-

opmental shifts in placentome classification are not

restricted to eversion (Ward et al. 2006). However, in our

sheep model of carunclectomy, we have shown previously

that there were no separate effects of either carunclectomy

or hypoxemia on fetal plasma cortisol concentrations,

suggesting that the developmental shifts in placentome

types may depend on the duration and degree of circulat-

ing or intraplacental glucocorticoid exposure (Butler et al.

2002; Poudel et al. 2015).

Early restriction of placental growth resulted in an

increase in surface area and volumes of trophoblasts

and maternal capillaries in the inverted placentome,
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which may improve maternal and fetal exchange and an

adaptation to the reduced total placentome number due

to carunclectomy. This is consistent with previous stud-

ies in this model that found an increase in the volume

density of the trophoblast and the feto-maternal syn-

cytium within the placentomes (Robinson et al. 1995).

When all types of placentomes are considered, Cx

resulted in a decrease in the placental volumes of fetal

and maternal connective tissues, whereas Hx was related

to a decrease in placental surface area and volumes of

trophoblasts, maternal epithelium and connective tissues.

These data are in agreement with previous reports in

humans that have shown a decrease in surface area, vol-

ume, and number of terminal villi and capillaries in

placentas from IUGR compared with normal pregnan-

cies (Krebs et al. 1996; Challis et al. 2000; Mayhew

et al. 2003). Placentomes undergo progressive structural

remodeling, and all cell layers attenuate in both fetal

and maternal tissues resulting in fetal and maternal cap-

illaries in close proximity to allow increased capacity for

substrate transfer in the placenta when fetal demand for

nutrients is high in mid-late gestation (Ward et al.

2006). Therefore, the attenuation of the cell layers in

the placenta of the Cx and Hx groups may represent

accelerated placental maturation to facilitate improved

placental transport.

This accelerated placental maturation may be caused by

the increase in placental IGF2 mRNA expression due to

Cx, but not Hx. This increase in placental IGF2 expres-

sion may be an adaptive response to early restriction of

placental growth and may subsequently play a role in

promoting vasculogenesis and angiogenesis in the
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in the placenta (F) in the Control+Nx (○), Control+Hx (D), Cx+Nx (●) and Cx+Hx (▲) groups. VEGF, vascular endothelial growth factor.
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placenta. Similarly, placental IGF2 and IGF1 mRNA

expression is increased at both 55 and 90 days of gesta-

tion in the hyperthermia sheep model of IUGR (de Vrijer

et al. 2006). Furthermore, in guinea pigs, exogenous treat-

ment of the mother with IGF2 in early gestation increased

the volume of placental labyrinth, trophoblast and mater-

nal blood space within the labyrinth and total surface area

of trophoblast for exchange, which further suggests that

IGF2 may enhance morphological and functional develop-

ment of the placenta and nutrient delivery (Sferruzzi-Perri

et al. 2008).

Effects of carunclectomy and hypoxemia on
placental expression of genes involved in
vasculogenesis and angiogenesis

Placental mRNA expression of HIF1A, VEGF, VEGFR-1,

VEGFR-2, ANGPT2, and TIE2 was significantly increased

in the Cx groups compared with the Controls, which may

lead to vessel instability, angiogenesis and vessel remodel-

ing. There were also significant relationships between pla-

cental angiogenic growth factor mRNA expression and

volumes of specific fetal and maternal components in the

placentome and placenta. These data suggest that the

accelerated placental maturation upon early restriction of

placental growth and late emergence of placental insuffi-

ciency may be through the regulation of placental angio-

genic growth factors. Similarly, VEGF-A and bFGF

immunostaining was significantly higher in cytotro-

phoblasts, syncytiotrophoblasts, extravillous trophoblasts,

vascular smooth muscle cells, chorionic villous stromal

cells, and villous vascular endothelial cells of human

IUGR placentas compared with those collected from nor-

mal term pregnancies (Barut et al. 2010). In addition,

hyperthermia-induced IUGR resulted in increased uterine

blood flow and increased VEGF, ANGPT1, ANGPT2, and

TIE-2 mRNA expression in the placentome in early gesta-

tion in sheep (Regnault et al. 2002, 2003; Hagen et al.

2005). On the other hand, there were additional complex

placental changes related to Hx, including a decrease in

placental mRNA expression of HIF1A, VEGF, and

ANGPT1, as well as an increase in HIF3A, VEGFR-1, and

FGF2 mRNA. The reduced mRNA expression of HIF1A

and genes with hypoxia response elements, VEGF and

ANGPT1, may represent a partial compensatory response

to chronic hypoxemia. This is supported by the finding

that 3 day exposure to low oxygen decreased HIF1A, but

not HIF2A mRNA expression in cultured murine ectopla-

cental cones (Pringle et al. 2007).

Effects of carunclectomy and hypoxemia on
placental mRNA expression of glucose,
amino acid and fatty acid transporters

In this study, Hx was associated with a decrease in pla-

cental GLUT1 mRNA expression in late gestation, while

there was no effect of Cx on placental glucose trans-

porters. Decreased placental GLUT1 gene and protein

expression has also been found in other studies.

Chronic hypoxemia resulted in a decrease in GLUT1

protein abundance in the basal membrane, but not
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Figure 6. The effects of carunclectomy and hypoxemia on
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microvillous plasma membrane of the placenta, subse-

quently leading to reduced nutrient supply and fetal

weight in high-altitude pregnancies (Zamudio et al.

2006). In mice, maternal chronic hypoxia resulted in a

decrease in placental GLUT1 mRNA and protein expres-

sion in female fetuses, but no change in placental

GLUT3 mRNA expression in both female and male

fetuses during mid- to late gestation (Cuffe et al. 2014).

Therefore, our data suggested that hypoxemia may

result in impaired glucose transfer.

Cx resulted in a decrease in placental FATP4 mRNA

expression, whereas Hx was related to a decrease in

placental SNAT1 and FABP5 mRNA expression in late

gestation. Alterations of placental amino acid and fatty

acid transporters occur in IUGR pregnancies and/or

under hypoxic conditions (Nelson et al. 2003; Regnault

et al. 2005; Biron-Shental et al. 2007; Cuffe et al. 2014).

Maternal hyperthermia resulted in an increase in placental

LAT-1 and LAT-2 mRNA expression in IUGR sheep

fetuses where placental and fetal weight was reduced by

25% compared with Controls (Regnault et al. 2005). Pla-

cental system A transport and activity was reduced by

hypoxia in full-term human trophoblasts (Nelson et al.

2003). In mice, maternal hypoxia resulted in a decrease in
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placental SNAT mRNA expression in both female and

male fetuses during mid to late gestation (Cuffe et al.

2014). Interestingly, hypoxia elevated the expression of

FABP1, -3, and -4, but not FABP5 in term human tro-

phoblasts, suggesting that FABPs may play a role in fat

accumulation and metabolism in the hypoxic placenta

(Biron-Shental et al. 2007). Collectively, it has been

suggested that the regulation of placental nutrient trans-

port capacity in IUGR pregnancies and/or under hypoxic

conditions may be species-specific and different between

in vivo and in vitro studies, and depend on the timing

and type of insult.

Effects of carunclectomy and hypoxemia on
potential glucocorticoid exposure

Placental 11bHSD2 mRNA expression was decreased in

the Hx compared to Nx groups, although there was no

effect of Cx alone on placental GR, 11bHSD1 and

11bHSD2 mRNA expression. This suggests that increased

intra-placental glucocorticoid concentrations may play a

role in regulating the placental insufficiency in late gesta-

tion responsible for chronic substrate restriction and sub-

sequent fetal hypoxemia. This is consistent with a

previous report that maternal hypoxia during mid- to late

gestation in mice decreased placental 11bHSD2 mRNA

and protein expression (Cuffe et al. 2014). Similarly in

human pregnancies, placental 11bHSD2 expression and

activity were significantly reduced in deliveries compli-

cated by IUGR compared with the term deliveries and

with appropriately grown preterm deliveries, although it

was not reported whether or not these IUGR fetuses were

hypoxemic (Shams et al. 1998).

Effects of carunclectomy and hypoxemia on
genes regulating apoptosis and autophagy

There was no difference in placental mRNA expression of

apoptotic and anti-apoptotic markers between the four

groups, although placental p53 mRNA was lower in the

Cx group compared with the Control group in the Nx

fetuses. These data were inconsistent with the previous

studies that placentas from women with IUGR pregnan-

cies showed enhanced apoptosis compared to Controls

(Smith et al. 1997; Erel et al. 2001). Cultured tro-

phoblasts exposed to hypoxia (1–2%) alone showed

upregulation of apoptotic p53 activity and BAX expres-

sion and decreased expression of anti-apoptotic BCL-2

(Levy et al. 2000). In addition, genes involved in regulat-

ing autophagy were altered by Cx and Hx. In this study,

Cx increased placental LC3B and decreased LAMP1

mRNA expression, whereas Hx decreased LC3B and

increased LAMP1 mRNA expression during late gestation.

In contrast, women delivering an IUGR baby had

increased placental levels of autophagy-related proteins,

including LC3B, beclin-1 and p53 compared with preg-

nant women delivering a normally grown baby (Hung

et al. 2012). Such a discrepancy in placental apoptosis

and autophagy may be due to the cause, timing and

degree of hypoxemia (Morrison 2008).
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One limitation of this study is that all analyses were

performed in the inverted placentomes. However, previ-

ous studies have shown that there is no effect of placen-

tome type on the expression of a large range of

vasculogenic and angiogenic genes and that size may be

related to function (Vonnahme et al. 2008). Furthermore,

although cortisol decreases the proportion of type D pla-

centomes (Ward et al. 2006), it does not change the

umbilical uptake of lactate or oxygen relative to fetal

weight between placentome types. In fact, there is no

difference in umbilical uptake of glucose, oxygen and lac-

tate relative to fetal weight bethween placentome types in

the saline-infused controls (Ward et al. 2006). A second

limitation of the study is that the cotyledonary structure

of the sheep placenta differs from the discoid human pla-

centa. However, the sheep has a structurally similar vil-

lous type of the placenta to that in the human, which is

reflected by the architecture of the fetal villous tree and

terminal vessels (Beckett et al. 2014). In addition, our

sheep IUGR model induced by carunclectomy has been
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shown to be a good animal model system to study human

IUGR (Alexander 1964; McMillen et al. 2001; Morrison

2008). The molecular mechanisms identified in this study

might thus improve our understanding and facilitate

development of therapeutic interventions.

Perspectives and significance

Experimental restriction of placental growth results in IUGR

fetuses that are chronically hypoxemic and hypoglycemic.

This study demonstrates that the IUGR fetus displays an

accelerated placental maturation of capillarization and

angiogenesis, as well as evidence of poor nutrient transport

capacity from the maternal to the fetal circulation and fail-

ure to maintain placental and fetal growth. Early restriction

of placental growth induced by carunclectomy resulted in

decreased volumes of fetal and maternal connective tissues

in the placenta and in increased placental mRNA expression

of IGF2 and angiogenic factors, which subsequently led to

decreased fetal weight and brainsparing. These morphologi-

cal and functional characteristics of the placenta in late ges-

tation are present independently of whether the fetus

becomes hypoxemic. We also identified a distinct set of pla-

cental morphological and gene expression changes, includ-

ing reduced volumes of trophoblast, maternal epithelium

and maternal connective tissues in the placenta, a decrease

in placental GLUT1 and 11bHSD2mRNA in the fetuses that

were hypoxemic in late gestation, independent of whether or

not surgical carunclectomy had been performed. Therefore,

this study provides further understanding of the different

placental cellular and molecular mechanisms that are pre-

sent in early placental restriction and in the emergence of

later placental insufficiency and this may facilitate the devel-

opment of therapeutic interventions.
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