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Periconceptional alcohol exposure causes female-specific
perturbations to trophoblast differentiation and placental formation

in the rat
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ABSTRACT

The development of pathologies during pregnancy, including pre-
eclampsia, hypertension and fetal growth restriction (FGR), often
originates from poor functioning of the placenta. In vivo models of
maternal stressors, such as nutrient deficiency, and placental
insufficiency often focus on inadequate growth of the fetus and
placenta in late gestation. These studies rarely investigate the origins of
poor placental formation in early gestation, including those affecting the
pre-implantation embryo and/or the uterine environment. The current
study characterises the impact on blastocyst, uterine and placental
outcomes in a rat model of periconceptional alcohol exposure, in which
12.5% ethanol is administered in a liquid diet from 4 days before
until 4 days after conception. We show female-specific effects
on trophoblast differentiation, embryo-uterine communication, and
formation of the placental vasculature, resulting in markedly reduced
placental volume at embryonic day 15. Both sexes exhibited reduced
trophectoderm pluripotency and global hypermethylation, suggestive of
inappropriate epigenetic reprogramming. Furthermore, evidence of
reduced placental nutrient exchange and reduced pre-implantation
maternal plasma choline levels offers significant mechanistic insight
into the origins of FGR in this model.
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INTRODUCTION

Formation of the placenta is vital to healthy development of the
fetus; perturbation of placental formation can have long-lasting effects
into adult life, through greater susceptibility to adulthood disease
(Burton et al., 2016). Poor functioning of the placenta, particularly by
placental malperfusion, is involved in the development of pregnancy-
associated conditions such as hypertension, pre-eclampsia, fetal
growth restriction (FGR) and miscarriage (Burton et al., 2016).
The origins of uteroplacental insufficiency and these associated
pathologies have long been suspected to begin at implantation
(Kajantie et al., 2010; Roberts and Cooper, 2001; Fisher, 2004;
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Burton and Jauniaux, 2010). However, evidence is currently lacking,
particularly in animal models, to explain their aetiology from
early in gestation.

The most common of these pathologies, FGR, is the result of
poor placentation in response to a perturbed maternal environment,
with the severity of the outcome dependent on both the time of
exposure to stress and the feto-placental sex (reviewed by Kalisch-
Smith et al., 2017a). Central to this study, is maternal alcohol
consumption. Chronic alcohol exposure during human gestation is
associated with low birth weight (Jones and Smith, 1973; Manning
and Eugene Hoyme, 2007; O’Leary et al., 2009; Tai et al., 2016), as
well as placental complications, including miscarriage, pre-
eclampsia, pre-term birth and stillbirth (Kaminski et al., 1978; Tai
et al., 2016; Maconochie et al., 2007; Avalos et al., 2014; Salihu
et al,, 2011; Meyer-Leu et al., 2011; Marbury et al., 1983).
However, one period that is potentially susceptible to alcohol
exposure and has received little attention, is consumption prior to
pregnancy recognition. Approximately 47% of women drink around
conception, with 15-39% of these reported as receiving high doses
of more than five standard drinks on one occasion (Colvin et al.,
2007; Wallace et al., 2007; Muggli et al., 2016). Interestingly, 87%
of women cease drinking after pregnancy recognition (Muggli et al.,
2016). Given that 50% of pregnancies are unplanned (Colvin et al.,
2007; Finer and Zolna, 2016), the periconceptional window, which
includes early embryogenesis, may be more highly exposed to
alcohol than is currently appreciated.

This critical periconceptional period includes important events
prior to placentation, including oocyte maturation, fertilisation,
embryonic genome activation, as well as epigenetic and metabolic
changes prior to formation of the blastocyst (reviewed by Fleming
et al., 2004). The blastocyst contains the stem cell populations for
both the embryo [the inner cell mass (ICM)] and the placenta [the
trophectoderm (TE)]. The TE gives rise to unique trophoblast
subtypes that facilitate invasion into the uterus and establish the
definitive chorioallantoic placenta for nutrient exchange (Watson
and Cross, 2005). Indeed, periconceptional insults, such as
undernutrition (Kwong et al., 2000, 2006) and in vitro
fertilisation (Bloise et al., 2012; Tan et al., 2016a,b), have been
shown to impact these early stem cell populations and result in
subsequent changes to placentation and fetal growth. In addition,
male and female pre-implantation embryos formed in vivo have the
same capacity to form blastocysts and have equal potential to
implant, with differences in placental development only being
apparent from mid-gestation (Kalisch-Smith et al., 2017b).
However, it is not known whether maternal perturbations
impact male and female embryos in the same way, and if they
lead progressively to sex-specific alterations and adaptations in
later development.
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We have recently characterised a model of periconceptional
alcohol (PC-EtOH) exposure in the rat, which exhibits FGR,
sex-specific alterations in the late-gestation placenta and
compromised metabolic outcomes in adulthood (Gérdebjer et al.,
2014, 2015). We examined the cellular origin of FGR, and whether
this derives from a direct effect of alcohol on pre-implantation
development and/or the maternal environment, or is due to poor
placental formation. Both we (Kalisch-Smith et al., 2016) and others
(Bolnick et al., 2018) have previously shown direct effects on
trophoblast proliferation and differentiation in culture, but have not
considered other influences mediated by development in vivo.
Here, we report embryonic and placental outcomes across gestation
after PC-EtOH exposure in vivo, specifically on male and
female preimplantation embryos, and demonstrate comprehensive
stage-specific developmental defects that could affect embryonic
competence and fetal growth by late gestation. We also highlight
perturbation of both waves of trophoblast invasion, a previously
undescribed phenotype in other models of nutritional programming.

RESULTS

PC-EtOH causes sex-specific alterations to pre-implantation
development and trophoblast differentiation

To evaluate the effect of PC-EtOH on blastocyst formation, uteri
from rat dams were flushed on the morning of embryonic day (E) 5
and assessed for the number of embryos at specific developmental
stages. Relative to control, PC-EtOH exposure had no significant
effect on the number of embryos reaching the blastocyst stage
(Table S1). We next investigated cell counts in ES embryos and used
immunofluorescent labelling of CDX2 to differentiate TE (CDX2
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positive) from ICM (CDX2 negative). When all individual embryos
(unsexed) were assessed, no differences were found between
treatments for any embryo parameter: total cell count, TE or ICM
count, TE:ICM or % ICM (Fig. S1). No differences were found in
total blastocyst cell count or TE counts after PC-EtOH (Fig. 1A,B).
Similarly, no changes to ICM cell count or the ratio of TE to ICM
cells were shown after PC-EtOH (Fig. 1C,D). When blastocysts
were quantified for nuclear CDX2 fluorescence in TE cells, a
measure of TE pluripotency (Strumpf et al., 2005), PC-EtOH
markedly reduced levels in both males and females (PTrt<0.001;
Fig. 1F, Fig. S2). Considering the marked changes in the epigenome
found after alcohol exposure in other studies (reviewed by Kalisch-
Smith and Moritz, 2017), global levels of 5-methylcytosine (SmC)
and S-hydroxymethylcytosine (ShmC) were assessed by semi-
quantitative immunofluorescence. Both male and female PC-EtOH
embryos showed marked increases in nuclear staining for SmC in
TE (PTrt<0.01; Fig. 1G,K,L, Fig. S3) and ICM nuclei (PTrt<0.01;
Fig. 1H), suggesting that alcohol causes alterations in DNA
methylation and appropriate epigenetic reprogramming may be
reduced or delayed. No differences were found between treatments
or sex for ShmC (Fig. 11,J, Fig. S4).

Given the dramatic change in CDX2 and 5mC levels, the TE was
investigated for its ability to differentiate and grow in culture after
in vivo PC-EtOH. Following 6 days of culture, embryos exposed to
PC-EtOH had reduced outgrowth area and number of trophoblasts
in both sexes (P<0.05; Fig. 2A,B). However, when assessed for the
presence of the largest trophoblast subtype; equivalent of the
parietal trophoblast giant cells (P-TGCs) in vivo, PC-EtOH females
showed a subtle reduction in the number of these cells when
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Fig. 1. Effects of in vivo PC-EtOH exposure on cell number, allocation and differentiation potential in E5 rat blastocysts. (A-E) Total blastocyst cell count (A),
TE cell count (B), ICM cell count (C), ratio of TE to ICM (D) and percentage ICM count of total cell count (E) were unchanged in ES5 rat blastocysts after
PC-EtOH exposure. (F) Nuclear CDX2 fluorescence intensity was significantly reduced in both male and female blastocysts after PC-EtOH exposure. (G-J) Nuclear
expression of 5mC (G,H) and 5hmC (l,J) was increased in PC-EtOH males and females in TE and ICM cells. (K,L) Representative images of control and PC-EtOH
blastocysts for CDX2 (K) and 5mC (L). Blastocysts localised with 5mC were counterstained with Pan-CK to localise TE cells. (A-H) Two-way ANOVA with
Tukey’s post-hoc tests. (I,J) Non-parametric Kruskal-Wallis tests. Embryos were pooled from each litter for analyses. Control (white bars) and PC-EtOH exposed
(black bars) are is shown. (A-E) n=14-26 embryos/sex from 5-7 litters. (F-J) n=5-12 embryos/sex from 2 litters/treatment. Assays for each marker were performed
separately. All data are presented as meanzts.e.m. Significance was set at P<0.05. *P<0.05, **P<0.01, PInt, P interaction. Scale bars: 20 um.
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Fig. 2. In vivo PC-EtOH exposure reduces
trophoblast outgrowth capacity. (A-E) E5

in vivo-exposed embryos were cultured to day 6
and assessed for outgrowth area (A), trophoblast
number (>200 um?) (B), number of P-TGCs
(>1000 um?) (C) and DNA content of P-TGCs (D).
Gene expression profile for Pri4a1 (communication
with dNK cells, TGC specific expression) in
outgrowths were also assessed (E). Control (white
bars) and PC-EtOH exposed (black bars) data are
shown. All data are presented as meants.e.m. and
analysed by two-way ANOVA. (F,G) Representative
images of immunofluorescent localisation of
trophoblasts with pan-cytokeratin (red), and DAPI
(blue) for control female (F) and PC-EtOH female
(G) outgrowths. Gene expression is plotted relative
to the control male group, and standardised to the
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analysed separately from males (Fig. 2C, Fig. S5G; see Fig. 2F,G for
representative images of these outgrowths). P-TGC DNA content, a
marker of ploidy, showed no differences between treatments or sex
(Fig. 2D). Gene expression analysis showed no alteration in the
expression levels of the trophoblast stem cell markers EIlf5 or
Eomes, the P-TGC marker Pri3dl, the downstream ectoplacental
cone and chorion genes Ascl2 and Handl, or the X chromosome
inactivation gene Xist, following PC-EtOH (Fig. S5A-F). Analysis
of PC-EtOH-exposed outgrowths showed a reduction in expression
of Pri4al in females analysed separately from males (Fig. 2E,
Fig. SH; P<0.01). Pri4al is a highly endoreplicated gene expressed
exclusively by TGCs for communication with maternal decidual
natural killer (ANK) cells (Ain et al., 2004; Miiller et al., 1999;
Hannibal and Baker, 2016).

PC-EtOH causes subtle changes to uterine decidualisation

Following embryonic characterisation, PC-EtOH was investigated
for potential influences on the uterine environment and the
establishment and maintenance of pregnancy. Firstly, maternal
oestrogen and progesterone concentrations were quantified over the
peri-implantation period (E5-E7) and no notable changes were
observed after PC-EtOH (Fig. 3A,B). ES uteri and E7 early post-
implantation sites were then assessed for expression of genes
involved in the hormone-dependent processes of receptivity and
decidualisation. PC-EtOH caused a change in gene expression of
the oestrogen receptor (Esrl) (PTrt<0.05) that was time dependent
(PInt<0.01; Fig. 3C). Post-hoc analysis demonstrated that Esr/ was
reduced at E5 following PC-EtOH (P<0.01), but unaltered at E7.
Western immunoblotting for oestrogen receptor A (ESR1) showed a

geometric mean of two housekeepers (78S and
Rpl13a). Gene expression assays were carried out
in duplicate. (A) n=15-25 from 4 litters/treatment.
(B-D) n=6-11 per sex from 4 litters/treatment.

(E) n=7-10 from 3-4 litters/treatment. Scale bars:
100 pm.

Female

33% reduction in protein expression, although this did not reach
statistical significance (P=0.08; Fig. 3G). No change to the
expression of receptor Esr2 (Table S2) was observed. Similarly,
no changes to downstream oestrogen response genes (Hbegf, Vegfa,
Lif, Fgf2, Fgf9; Table S2) or receptivity-associated genes [Lif, [hh or
Usagl (Sostdcl)] were found. However, progesterone receptor
(Pgr) expression was time and treatment dependent, with post-hoc
analysis showing expression was reduced at E5 (P<0.01) and
increased at E7 after PC-EtOH (P<0.01; Fig. 3D). Consistent with
this, the progesterone-associated decidualisation genes Bmp2 and
Coup-TFII (Nr2f2) were decreased by PC-EtOH at E5 only
(Fig. 3E,F), with no other changes found for /hh, Areg, Hand?2 or
Igfbpl (Table S2). Further histological characterisation of E7
implantation sites showed no gross changes to stromal or decidual
volume (Fig. 31K, see 31,J for representative images). Expression of
Prfl, a ANK cell marker, remained unchanged (Table S2).

PC-EtOH reduces dNK cell infiltration and trophoblast
invasion in placentae of female embryos

In situ hybridization for Prfl in placentac at E11 showed that
PC-EtOH-exposed placentac from females had increased Prfl
expression localised to dNK cells in the decidual region, suggestive
of delayed dNK cell homing and activation (Fig. 4A). The dNK cells
are important in mediating the second wave of trophoblast invasion,
primarily the spiral artery trophoblast giant cells (SpA-TGCs). These
cells remodel the maternal spiral arteries into low-resistance, high-
flow vessels, allowing increased labyrinthine blood supply
(Chakraborty et al., 2011; Wallace et al., 2012). Thus, we
proceeded to investigate invasion at E13, EI15 and E20 after
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Fig. 3. PC-EtOH exposure affects sex-hormone receptor expression but does not affect long term decidualisation. (A,B) Oestrogen (A) and progesterone
(B) levels in maternal plasma were assessed by radioimmunoassay over the peri-implantation period (E5-E7). (C-F) Gene expression assays on uterine
samples during receptivity (E5) and post-implantation (E7) decidualisation, to assess expression of oestrogen receptor alpha (Esr7) (C), progesterone receptor
(Pgr) (D), and the progesterone responsive decidualisation genes Bmp2 (E) and Coup-TFIlI (F). (G,H) Representative western blot (H) and densitometric
analysis (G) for ESR1 on E5 uteri, normalised to B-actin. (I) Immunolocalization of vimentin at the implantation site at E7 to identify uterine stromal cells. (J) Stromal
volume evaluated at E7. (K) Primary decidual volume (PDZ) at E7. (L) In situ hybridisation of Pri8a2 at the E7 implantation site to localise PDZ cells for
volume analysis. Control (white bars) and PC-EtOH exposed (black) data are shown as meants.e.m. (A,B) Hormone profiles analysed by two-way ANOVA,
E5 data n=9/treatment, E6 n=3/treatment, E7 n=3/treatment.(C-F) Uterine expression data analysed by two-way ANOVA (overall effects across ages). Because of
significant differences in age (E5 versus E7), treatments were analysed at each gestational age with Student’s t-tests. n=6/treatment (E5) and n=10/treatment
(E7). Gene expression is relative to control group at E5, and standardised to the geometric mean of Rp/719 and Actb. (G,H) Western blots show n=5-6/treatment. (J,

K) E7 stereology data analysed by Student’s t-test, n=4-7/treatment. *P<0.05, **P<0.01. Scale bars: 1 mm (l); 400 pm (L).

PC-EtOH. Invasive trophoblasts were localised by histological
staining for the pan-trophoblast marker pan-cytokeratin (Fig. 4B).
At E13, when only SpA-TGCs are invasive, placentae from
PC-EtOH-exposed females showed reduced invasion depth (24%)
compared with control females (P<0.05, PInt<0.05; Fig. 4C).
Quantification of SpA-TGC number into uterine spiral arteries
showed that PC-EtOH males and females had reduced cell counts
(PTrt<0.05; Fig. 4D). Investigation of SpA-TGC DNA content
showed an interaction of treatment with sex after PC-EtOH
(PInt<0.01; Fig. 4E), with PC-EtOH females exhibiting increased
DNA content (P<0.05). Assessment of spiral artery remodelling was
performed by localisation of alpha smooth muscle actin (¢SMA) and
showed that PC-EtOH increased oSMA intensity by 9% in males and
7% in females, although this was not statistically significant
(PTrt=0.08; Fig. 4F). Similarly, cross-sectional area of uterine
spiral arteries was reduced by 26% and 16% in PC-EtOH males and
females but was not statistically significant (P=0.96; Fig. 4G). In PC-
EtOH female placentac at E15, average and maximum depth of

invasion were decreased by 24% and 27%, respectively, although this
did not reach statistical significance (P=0.14 and P=0.08,
respectively) (Fig. S6A,B). By E20, no differences were found in
average or maximum invasion depth, suggesting an overall delay in
invasion in placentae of females (Fig. S6C,D).

PC-EtOH causes female-specific structural perturbations in
the placenta, resulting in a greater percentage of males

Our previous study on PC-EtOH showed increased resorptions/
non-viable fetuses and reduced fetal weight at E20 (Gardebjer et al.,
2014). In the present study, we determined at what point during
gestation embryonic viability was compromised. A similar number of
viable embryos were found at E13 (Table S3). However, an increase
in resorptions was found at E15 (P<0.05), with a greater percentage
of viable male fetuses (P=0.05; Table 1), suggesting reduced female
survival. Embryonic and placental weights were unchanged at E13 in
both sexes (Table S3) and further investigation into placental
biometry at E15 showed no differences between groups or sex for
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Fig. 4. PC-EtOH exposure alters infiltration of maternal decidual natural killer cells and reduces trophoblast invasion into the mesometrial region in
females only. (A) In situ hybridisation for perforin 1 (Prf1) marking dNK cells in control and PC-EtOH-exposed female placentae. Dashed lines show barrier
between decidua and uterus. (B) Immunolocalisation of pan-cytokeratin (red) marking trophoblasts and alpha smooth muscle actin (aSMA, green) with DAPI
(blue) as counterstain in E13 placenta. White dashed line shows barrier between uterus and decidua. Orange dashed line shows P-TGC border. Upper panel
shows higher magnification of the boxed area below. Arrows indicate maternal spiral arteries. (C-G) Invasion was assessed at E13 by measuring the average
invasion depth of SpA-TGCs measured from the P-TGC layer (C), the total number of invaded SpA-TGCs around spiral arteries (SpA) (D), the DNA content of
invaded SpA-TGCs (E), the intensity of alpha smooth muscle actin (aSMA) (F), which stains of uterine SpA vessels, and the cross-sectional area of uterine SpA
(G). Control (white bar), PC-EtOH exposed (black bar) data are shown as meants.e.m. (C-F) Two-way ANOVA for treatment with sex. (G) Non-parametric
Kruskal-Wallis test. (C) n=11-19/sex from 6-7 litters/treatment. (D,E) n=6-12 5-6 litters/treatment. (F) Pooled data from n=4-8 placentae from 2 litters/
treatment. (G) n=8-11 placentae from 5-6 litters/treatment. *P<0.05, **P<0.01. Scale bars: 2 mm (A); 1 mm (B, top); 200 ym (B, bottom).

embryonic or placental weight, placental efficiency (placental weight
to body weight ratio), labyrinth or junctional zone wet weight, or the
ratio of zone weight to volume (Table 1). However, reduced placental
depth was found after PC-EtOH in both males and females (Table 1),
suggesting less vascularisation.

We next investigated the morphogenesis of placental structure in
more detail, particularly the labyrinthine vasculature. Using unbiased
stereology, we quantified volume and surface area of the placental
compartments on the E13 (immature), E15 (definitive) and E20
(mature) placenta. Again, it was E15 that showed significant
differences, with E13 and E20 stereology remaining unchanged
between treatments (Table S4). At E15, although there was no change
to the volumes of the whole placenta, decidua, labyrinth or junctional
zone in PC-EtOH males (Fig. 5A), PC-EtOH females showed
markedly reduced (by 17%) placental volume, with all compartments
contributing to this overall effect (P<0.01; Fig. 5B). Examination of
the placental vasculature for fetal and maternal blood spaces (FBS
and MBS, respectively) showed the placenta of PC-EtOH females to
have significantly reduced MBS volume (P<0.05; Fig. 5D). The fetal
vasculature was marked using the ISH probe Mest for fetal
endothelial cells (see Fig. SIJ for representative images of female

labyrinths). When MBS volume was analysed with males and
females together by two-way ANOVA (treatment with sex), a
treatment effect was found after PC-EtOH (PTrt<0.01; Fig. S7),
indicating a subtle effect on male PC-EtOH placentae (20% reduction
versus 32% reduction in females). No change to FBS or MBS surface
area was found between treatments for either sex (Fig. SE,F). Further,
in males, no changes to FBS, MBS or labyrinth trophoblast were
found after PC-EtOH (Fig. 5C). Despite the alteration in MBS
volume in females, the thickness of the interhaemal membrane
remained unchanged at both E15 and E20 (Fig. S8). No differences in
groups was shown for labyrinth trophoblast volume (Fig. 5D).
Considering the sex-specific outcomes in differentiation, placentae
from PC-EtOH females were also examined for DNA content for
labyrinthine sinusoidal (S-TGCs) lining the MBS vessels, and
secondary P-TGCs located at the interface between the junctional
zone and the decidua. Interestingly, both S-TGCs and secondary P-
TGCs showed reduced DNA content (P<0.0001; Fig. 5G,H),
suggestive of reduced endoreplication and differentiation.
Perturbation of placental morphogenesis was examined next, using
gene expression assays to examine the potential influence of altered
differentiation of placental cell types in the E13 whole placenta and
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Table 1. Post-mortem fetal and placental biometry at E15

Variables Control PC-EtOH Statistics
Litter size (number) 16.33+0.500 17.000+0.646 P=0.42
Resorptions (number) 0.440+0.294 1.889+0.539 P<0.05
Sex ratio (M:F) 0.94+0.211 1.41+£0.177 P=0.11
Male fetuses (%) 44.26+4.991* 56.69+3.129* P=0.05
Variables Male control Male PC-EtOH Female control Female PC-EtOH Statistics
Fetal parameters
Body weight (g) 0.208+0.007 0.219+0.006 0.206+0.007 0.209+0.005 PTrt=0.27
PSex=0.34
PInt=0.49
Crown-rump length (mm) 12.405+0.245 12.601+0.048 12.226+0.195 12.142+0.092 PTrt=0.74
PSex=0.06
PInt=0.40
Placental parameters
Placental weight (g) 0.247+0.023 0.212+0.015 0.217+0.006 0.218+0.009 PTrt=0.23
PSex=0.41
PInt=0.22
Placenta:BW ratio (g/gbw) 1.128+0.059 1.036+0.111 1.127+0.041 1.08310.060 PTrt=0.37
PSex=0.76
PInt=0.75
Junctional zone wet weight (g) 0.102+0.008 0.102+0.007 0.096+0.006 0.118+0.008 PTrt=0.27
PSex=0.34
PInt=0.49
Labyrinth wet weight (g) 0.086+0.009 0.078+0.006 0.094+0.006 0.075+0.004 PTrt=0.06
PSex=0.75
PInt=0.39
Placental length (mm) 12.087+0.352 12.111+0.212 12.144+0.232 12.297+0.155 PTrt=0.15
PSex=0.63
PInt=0.80
Placental width (mm) 11.411£0.245 11.027+0.233 11.037+0.187 11.191+0.209 PTrt=0.60
PSex=0.64
PInt=0.23
Placental depth (mm) 2.979+0.104* 2.590+0.097 2.836+0.079* 2.653+0.083 PTrt<0.01
PSex=0.65
PInt=0.26
Labyrinth weight:labyrinth volume 0.421+0.037 0.354+0.039 0.478+0.040 0.497+0.046 PTrt=0.57
(g/mm?)x100 PSex<0.05
PInt=0.30
Junctional zone weight:junctional zone 0.453+0.051 0.483+0.053 0.519+0.078 0.704+0.125 PTrt=0.16
volume (g/mm?%)x100 PSex=0.06
PInt=0.31

All data are presented as meants.e.m. n=4-12/sex from 9 litters/treatment for all data except labyrinth weight:labyrinth volume and junctional zone weight:
junctional zone volume, n=5-8 from 4-7 litters. Litter size, resorptions, sex ratio and percentage males were analysed by Student’s t-tests, n=9 litters/treatment.
Remaining data were analysed by two-way ANOVAs, *P<0.05 for Bonferroni post-hoc compared with controls of same sex. Note: litter size includes resorptions.

F, female; M, male.

the E15 labyrinth. Mest was used to identify fetal endothelial
cells, Syna for syncytiotrophoblast layer 1 cells, Geml for
syncytiotrophoblast layer 2 cells, Ctsq for sinusoidal TGCs, and
Pri3dl for secondary P-TGCs (only at E13). Curiously, only Mest
was shown to be reduced at E13 (PTrt<0.01; Fig. S9A), particularly
in male PC-EtOH placentae (P<0.05). At E15, statistical interactions
were found between treatment and sex for both Mest and Syna,
suggesting that males tended to show decreased expression and
females increased expression (PInt<0.05 for both genes; Fig. SOF,I).
No changes were found in other markers at either age.

PC-EtOH alters expression of labyrinthine glucose
transporters and reduces placental clearance of
[®H]-glucose

To determine whether altered placental morphology was associated
with altered nutrient transfer after PC-EtOH, gene expression
assays for glucose transporters [Glutl (Slc2al), Glut3 (Slc2a3)]
and system A amino acid transporters (Slc38al, Slc38a2, Slc38a4)

were conducted at E13 and E15. At E13, Glut3 expression was
significantly decreased (PTrt<0.01; Fig. 6B), particularly in
females (P<0.05), with no apparent changes in Glutl (Fig. 6A).
Interestingly, by E15, an increase was found in Glutl after
PC-EtOH (PTrt<0.05; Fig. 6C), particularly in females (P<0.05),
and Glut3 showed an interaction (PInt<0.05; Fig. 6D), suggesting
that male PC-EtOH placentae had decreased expression, and
female PC-EtOH placentae had increased expression. No changes
to system A amino acid transporters were found at either gestational
age (Fig. S10).

To determine the capacity of the PC-EtOH-exposed placenta to
transport glucose and supply fetal growth, a non-metabolised
[*H]-O-methyl-D-glucose (H3G) tracer was injected into dams
at E13 and E15. Absolute fetal accumulation of the radiotracer,
placental transport, placental uptake, and placental clearance
relative to maternal blood levels were calculated. At EI15,
PC-EtOH exposure caused a reduction of fetal accumulation
(Fig. 6E), relative transport (Fig. 6F), placental uptake (Fig. 6G)
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Fig. 5. PC-EtOH exposure causes female-specific alterations to placental volumes, maternal blood space vascularisation and differentiation of
trophoblast giant cells. (A,B) Volumes of whole placenta (WP), decidua (DEC), labyrinth (LAB) and junctional zone (JZ) in E15 males (A) and females (B).
(C,D) Volume of labyrinthine fetal (FBS) and maternal (MBS) blood spaces and labyrinthine trophoblast (LAB TROP) in males (C) and females (D).

(E,F) Surface area of labyrinth FBS and MBS in males (E) and females (F). (G,H) Female MBS spaces were further evaluated for DNA content of sinusoidal
trophoblast giant cells (S-TGCs; G) and secondary parietal trophoblast giant cells (P-TGCs; H). (I,J) Representative images of female placental labyrinths marked
with ISH probe Mest, for control () and PC-EtOH (J). Control (white bars), PC-EtOH exposed (black bars) data are shown as meanzs.e.m. Note: two-way
ANOVA of MBS volume (treatment versus sex) shows PTrt<0.01 (see Fig. S3). (A-F) Two-way ANOVA. (G,H) Student’s t-test was used for DNA content. *P<0.05.
(A-F) n=7-9/sex, 5-7 litters/treatment. (G,H) DNA content of TGCs were standardised to decidual cells (2N) of the same placenta and pooled from n=7-8 placentae
from 5-6 litters/treatment, giving 299-360 measurements for S-TGCs (G) and 170-182 measurements for secondary P-TGCs (H). All data taken from E15

samples. *P<0.05. Scale bars: 200 ym.

and placental clearance (Fig. 6H) of H3G. A basal sex difference
was identified in placental clearance, which showed that control
females cleared less H3G than control males (P<0.05). No changes
to E13 parameters were shown after PC-EtOH (Fig. S11).

PC-EtOH alters expression of imprinted and X chromosome
inactivation genes

A recent study of human placentae has associated aberrant
expression of imprinted genes with diagnosis of early-onset
pre-eclampsia and phenotypes of poor trophoblast proliferation
and invasion (Zadora et al., 2017). To determine whether perturbed
imprinting may also be occurring after PC-EtOH, as a possible long-
term consequence of perturbed epigenetic reprogramming from the
pre-implantation stage, selected genes were assayed in the E13
whole placenta. Expression of maternally expressed (paternally
imprinted and silenced) genes (Igf2r, Phlda2, Citedl) and
paternally expressed genes (Igf2) were assessed (Fig. 7). Igf2r
expression was decreased after PC-EtOH in both sexes (PTrt<0.01;
Fig. 7B), but the decrease was greater in females (40% reduction)

than males (31% reduction). Phlda2 was similarly decreased in both
sexes after PC-EtOH (P<0.05; Fig. 7C), predominantly owing to
reduced expression in the placentae of females. Cited!/ and
paternally expressed Igf2 were unchanged (Fig. 7A,G), whereas
paternally expressed Mest decreased after PC-EtOH, particularly in
males (PTrt<0.01, PMale<0.05; Fig. 7A).

Known X-linked genes, G6pd, Hprt (Hprtl), Xist, Cited] (see
above), as well as those involved in imprinted X chromosome
inactivation (XCI), Xist and Rlim, were examined after PC-EtOH.
XClI in female TE and ICM cells ensures appropriate gene dosage
between males and females. XCI is also unique in trophoblast cells
compared with other somatic lineages, which use random XClI, as
the paternal X chromosome (Xp) is exclusively inactivated (and
thereby ‘imprinted’) (Senner et al., 2011). Female primary and
secondary TGCs are exceptional in that they are able to partially re-
express genes on this ‘inactive’ Xp (Hadjantonakis et al., 2001,
Corbel et al., 2013). Expression of G6pd was found to be decreased
after PC-EtOH in both sexes (PTrt<0.0001, PMale<0.05,
PFemale<0.001; Fig. 7D). Curiously, expression of Hprt was
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Fig. 6. PC-EtOH exposure causes sex-specific alterations to placental glucose transport over gestation. (A-D) Expression of nutrient transporters were
assessed in the E13 whole placenta and E15 labyrinth. Glucose transporters Glut1 (SynT-1 facing MBS side, SynT-Il facing FEC, and JZ) and Glut3 (SynT-1
facing MBS side) were assessed at E13 (A,B) and E15 (C,D). Expression data are relative to the geometric mean of 78S and Rp/13a, and standardised to
average expression of the control male group for each age. (E-H) Total glucose was assessed using the glucose analogue [*H]-O-methyl-D-glucose (H3G)

at E15. Assays assessed fetal accumulation (fetal CPM/g fetus), relative placental transport (fetal CPM/g placenta), placental uptake (placental CPM/g placenta)
and placental clearance (fetal CPM *ul min~" g~ placenta). Control (white bars), PC-EtOH exposed (black bars) data are shown as meants.e.m. and
analysed by two-way ANOVA. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 from Bonferroni post-hoc tests. (A-D) E13: n=7-8/sex from 4-5 litters/treatment; E15:

n=7-8/sex from 7-8 litters/treatment. (E-H) n=18-23 from 3 litters per treatment.

increased after PC-EtOH (P<0.01, PMale<0.01; Fig. 7F). When
female placentaec were examined for XCI initiation, expression of
both Xist and Rlim (also known as Rnf12) were both significantly
decreased after PC-EtOH (P<0.001 and P<0.05, respectively;
Fig. 7H,I). Expression of the sex-specific stress-mediated enzyme
Ogt was also analysed, as it is known to escape XCI in females, but
was unchanged after PC-EtOH (Fig. 7E).

PC-EtOH exposure and a potential epigenetic link to later
development

Previous investigation into a direct impact of alcohol on mouse
trophoblast stem cells showed downregulation of the expression of
mature trophoblast lineage markers at day 6 of differentiation
(Kalisch-Smith et al., 2016). Here, we continued to investigate an
earlier time point of day 2 of differentiation and showed no change
in gene expression for Cdx2 (Fig. S12). This suggests that the
impacts of PC-EtOH are more likely to be due to an indirect
mechanism, such as through an altered uterine milieu. To investigate
this further, we characterised maternal plasma choline levels over
the pre-implantation period. Choline is part of the one-carbon
metabolism pathway, which can be a source of methyl donors and
thereby facilitate normal methylation patterning (reviewed by Zeisel
and da Costa, 2009). Maternal choline was assessed at E2 and ES
(Fig. 8A), and was shown to be reduced by PC-EtOH over this
period (PTrt<0.05). Maternal choline levels also increased from E2
to ES (PAge<0.001), suggesting an increased demand of choline
during pre-implantation development. Maternal triglycerides were
also found to be increased after PC-EtOH at E5 (Fig. 8B). Ethanol
consumption is often associated with fat accumulation in the liver,
and its removal is reliant on a choline-dependent pathway (Zeisel,
2006). Endogenous choline is synthesised in the liver and can be
converted from phospholipids through the enzyme Pemt (Zeisel,
2006). The uterus has a limited capacity to synthesise choline
compared with the liver (Fig. S13B). Liver expression of Pemt
expression was unchanged after PC-EtOH (Fig. 8D). Choline can

also be converted to betaine, which is a methyl donor in the
production of methionine from homocysteine using the enzyme
Bhmt (Barak et al., 1996). Because Bhmt is not expressed by the pre-
implantation embryo (Kwong, et al., 2010), it must rely on methyl
groups from another source, for example the liver or uterus.
Similarly to Pemt, Bhmt was also found to be minimally expressed
by the uterus (Fig. S13A). Liver Bhmt expression was also
unchanged (Fig. 8C). Not only does this suggest that the uterus
has little capacity to provide methyl donors through the choline
pathway as shown above, it suggests that the embryo must rely on
histotrophic nutrition via the maternal vasculature as it does for
other nutrient-associated pathways (Burton, et al., 2002).

We therefore assessed choline and methionine transporters in the
uterus at E5. The choline transporters Ctll (Slc44al) and Ctl2
(Slc44a2) were unchanged by PC-EtOH (Fig. 8F,G). However, the
neutral amino acid transporter Slc38a4, which also transports
methionine, was markedly reduced after PC-EtOH (P<0.01;
Fig. 8E). Reduced methionine transport and availability may
partially explain the perturbed methylation patterns after PC-
EtOH, as embryos cannot undergo normal re-methylation and
imprinting during reprogramming.

To connect the phenotypes seen in early and late gestation, DNA
methylation was assayed in E13 whole placenta, as well as E15 and
E20 labyrinth and junctional zone (Fig. 8H-L). Methylation patterns
were found to be dynamic, showing progressively reduced DNA
methylation from E13 to E20. From this analysis, only the E20 PC-
EtOH labyrinth showed a significant change, exhibiting marked
increases in methylation (PTrt<0.01; Fig. 8L), particularly in males
(PMale<0.05).

DISCUSSION

This study aimed to investigate the impact of PC-EtOH exposure on
developmental processes that may contribute to the established
phenotypes of FGR and metabolic dysfunction in this model
(Gérdebjer et al., 2014, 2015). Specifically, we sought to examine
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the impact on cell allocation during the primary differentiation
of blastocyst formation and the subsequent development of
the functional placenta. Moreover, given that epigenetic
reprogramming also occurs as a part of pre-implantation
development in preparation for embryonic genome activation, we
sought to establish whether there were potential changes to DNA
methylation in PC-ETOH-exposed embryos. We also wanted to
determine if there is a mechanistic link through a direct or indirect
(i.e. uterine) impact of ethanol.

In this ontogeny study, we show a sexually dimorphic impact in
response to periconceptional alcohol exposure, with primarily a
female-biased trophoblast defect (see Fig. 9 for a comprehensive
summary). This manifested as perturbed differentiation of multiple
TGC subtypes, and, consequently, reduced invasion and
vascularisation of the mid-gestation placenta. These defects in
females explain the reduced embryonic viability and the increased
percentage of male embryos in mid-gestation. Although placentae
of males show some of the same outcomes, such as reduced
expression of CDX2 (a TE lineage-associated gene), increased SmC
expression, and trophoblast proliferation, they appear to be affected
to a lesser extent. Collectively, this challenges the current dogma
that male offspring are more at risk of developmental perturbations
due to placental deficits, and rather suggests that there are two
critical windows of susceptibility during gestation, affecting males
and females differentially, as we have previously proposed
(Kalisch-Smith et al., 2017a). We also highlight that a female-
specific trophoblast invasion defect can be associated with
perturbed imprinting, epigenetic reprogramming and X
chromosome inactivation. In addition, we provide a mechanistic
link to the one-carbon metabolism pathway, whereby reduced
maternal choline and methionine transport to the uterus could

C Phida2 Fig. 7. Gene expression profiles of
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explain a reduced capacity of the embryo to undergo de novo
methylation. This study thereby provides a mechanism by which
other pregnancy disorders, such as pre-eclampsia, may develop the
adverse phenotypes of trophoblast differentiation and invasion
(Zadora et al., 2017; reviewed by Burton and Jauniaux, 2018).
Recent findings from human early-onset pre-eclampsia (prior to
34 weeks gestation), has also reinforced these findings, showing
greater prevalence in female fetuses (Taylor et al., 2018).

Our observations of sexually dimorphic placental outcomes are
supported by studies in other models of programming associated
with in vitro fertilisation (IVF)- and intracytoplasmic sperm
injection (ICSI)-derived mouse embryos (Tan et al., 2016a,b),
which show female-specific effects on trophoblast differentiation
and placental morphogenesis. Interestingly, genetic mutants of
several X-linked genes, Eed (Wang et al., 2001), SmcHDI (Blewitt
et al., 2008), Dnmtl (McGraw et al., 2013) and Xist (Hoki et al.,
2011; Senner et al., 2011; Mugford et al., 2012), all phenocopy the
aforementioned maternal nutrient-perturbation models, exhibiting
female-specific defects in TGC differentiation. These mutants are
associated with altered X-chromosome dosage, pertaining to roles
in either XCI initiation through Xist expression, or maintenance by
recruitment of the PRC2 complex. Furthermore, female IVF pre-
implantation embryos at the morula stage have shown reduced
expression of Xist and R/im (Tan et al., 2016a), two initiators of
XCI. Although we did not investigate XCI in the pre-implantation
embryo, we examined the mid-gestation placenta to determine
potential long-term consequences of a hypermethylated genome.
Although we did not find evidence of hypermethylation at this
stage, similar to the IVF study, investigation of PC-EtOH showed
reductions in Xist and Rlim expression in females, suggesting that
XClI is also perturbed in this model. In female embryos, aberrant
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Fig. 8. PC-EtOH exposure reduces maternal choline levels and expression of a uterine methionine transporter and impacts methylation of the
junctional zone. (A) Plasma choline levels at E2 (n=3/treatment of pooled data over 24 h) or E5 (n=3/treatment). (B) Plasma triglyceride levels at E5 n=9-10/
treatment. (C-G) Gene expression assays (RT-QPCR) in E5 liver (C,D) and ES uterus (E-G). Expression is relative to control group at E5, and standardised to
geometric mean of Rp/19 and Actb. n=6/treatment (E5 uterus) and n=8/treatment (E5 liver) from 6-8 litters per treatment. (H-L) For methylation assays, n=6-8/ sex
from 6-8 litters/treatment. *P<0.05. Control (white bars) and PC-EtOH exposed (black bars) data are presented as meants.e.m. (A,L,H) Two-way ANOVA.
(B-D,F,G) Student’s t-tests. (E) Non-parametric Mann—Whitney. (I-K) Non-parametric Kruskal-Wallis tests.

XCI and consequently inappropriate gene dosage, may be a state of
genetic instability, causing them to be particularly sensitive to
environmental perturbations during the period of epigenetic
reprogramming. In this study, gene assays for Xist and Rlim were
investigated in the E13 whole placenta, a heterogeneous cell
population deriving from maternal, placental and fetal-derived
tissues. However, considering the major structural and
differentiative changes found in the multiple TGC subtypes after
PC-EtOH, over that of all of the other trophoblast subtypes
investigated, it is likely that these TGCs are primarily driving this
aberrant XCI phenotype.

Environmental perturbation models can cause heritable changes in
cellular memory, such as through DNA methylation, and thereby
contribute to developmental programming (Ozanne and Constancia,
2007; Sandovici et al., 2012). During pre-implantation development,
maternally derived nutrient substrates in the one-carbon metabolism
pathway, such as folate, choline, methionine and betaine, act as
methyl donors to produce S-adenosylmethionine (Kwong, et al.,
2010). This is the primary substrate for the DNMT enzymes, which
are required to facilitate de novo methylation from the blastocyst
stage. If these nutrients are either in deficiency or excess during this
sensitive pre-implantation period, they can lead to aberrant
methylation patterns and impact developmental competence

(O’Neill, 1998; Kwong, et al., 2010, Sinclair et al., 2007,
Padmanabhan, et al., 2013). Human studies also report perturbed
methylation patterns and altered one-carbon metabolites in adverse
environments, including alcohol exposure (Refsum et al., 2006;
Steegers-Theunissen, et al., 2013). Indeed, alcohol has been shown to
affect several parts of the one-carbon metabolism pathway and impact
on DNA methylation (reviewed by Kobor and Weinberg, 2011; Ouko
et al., 2009). We show maternal choline can be reduced after
PC-EtOH, but ethanol can also impact folate transporter function and
folate uptake (Hamid et al., 2007; Halsted et al., 2002; Naughton
et al., 1989). Ethanol can reduce methionine synthase activity, the
enzyme that converts homocysteine to S-adenosylmethionine (Barak,
et al., 1996), and alters expression of the DNMT enzymes (Garro
et al., 1991; Bielawski et al., 2002), thereby affecting DNA
methylation. The long-term effects of perturbed methylation
include those impacting genomic imprinting, as seen here after
PC-EtOH, or by others (Haycock and Ramsay, 2009), and those
impacting pre- and post-natal tissues (Kaminen-Ahola, et al., 2010).
Additionally, the importance of one-carbon metabolites is
highlighted in experiments showing that choline supplementation
can prevent some deleterious effects of ethanol (Otero et al., 2012).

Although aberrant methylation patterns in imprinting, and perhaps
XCI, might be explained by reduced methyl donor availability from

10

DEVELOPMENT



RESEARCH ARTICLE

Development (2019) 146, dev172205. doi:10.1242/dev.172205

Adaptive Responses of PC-EtOH
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Fig. 9. Summary of basal and sex-specific outcomes during development and after PC-EtOH exposure. Basal sex differences are taken from
previously published data (Kalisch-Smith et al., 2017b). Large horizontal arrows indicate no change; diagonal arrows indicate that the post-hoc test revealed
an interaction. FBS; fetal blood space, H3G; [*H]-O-methyl-D-glucose, ICM; inner cell mass, JZ; junctional zone, LAB; labyrinth, MBS; maternal blood space,

SA; surface area, SpA, spiral artery, TE; trophectoderm.

the blastocyst stage, they do not explain why DNA methylation is
increased in Dblastocysts after PC-EtOH. During epigenetic
reprogramming, maternal and paternal methylation marks are
removed to initiate activation of the embryo’s de novo genome.
This process involves both untargeted (passive) global
demethylation, as well as targeted (active) demethylation. The latter
recruits the ten-eleven translocation (TET) protein family to catalyse
oxidation of 5SmC methylation marks to ShmC, which is required for
expression of genes involved in the establishment of cell identity (e.g.
pluripotency factors) (Hore et al., 2016; Milagre et al., 2017).
Interestingly, TET enzyme expression, particularly TET2, is
enhanced by retinoic acid (RA) in embryonic stem cells, and
thereby accelerates reprogramming (Hore et al., 2016). It is well
established that ethanol can compete with enzymes involved in RA
biosynthesis, such as ADH and ALDH, which are expressed widely
in oviductal and uterine tissues (reviewed by Kalisch-Smith and
Moritz, 2017), and is often associated with decreases in RA levels in
maternal blood and presumably oviductal fluid. Furthermore, the
TET enzymes have recently been shown in trophoblast stem cells to
be involved in self-renewal with Tet//2 mutants showing induction
into TGCs (Chrysanthou et al., 2018). Considering that PC-EtOH
exposure caused hypermethylation of 5SmC, and no change to ShmC,
we hypothesise that reduced RA synthesis in the oviduct and uterus
could lead to lower TET activation, causing inappropriate
reprogramming through retention of SmC methylation marks. This
may also explain why PC-EtOH did not result in sexual dimorphism
in CDX2 expression, as it is a chief transcription factor involved in
trophoblast stem cell identity, which are not classically thought to
show sexual dimorphism during establishment of pluripotent lineages

(Milagre et al., 2017). Furthermore, RA has been shown to promote
TGC differentiation (Yan et al., 2001) and ameliorate the female-
specific trophoblast XCI defect after IVF in pre-implantation
embryos via upregulation of Rlim and Xist expression. Although
the details of this process are yet to be elucidated, recent data from
Milagre et al. (2017) have shown female mouse embryonic
fibroblasts (MEFs) exhibit greater global untargeted demethylation
during reprogramming to embryonic stem cells, a similar process to
that which occurs in pre-implantation development. Reprogramming
of MEFs also involves reactivation of the inactive X chromosome and
could therefore be due to a similar gene dosage effect.

Two other major findings of this study were reduced expansion of
the MBS compartment, most significantly in females, and reduced
nutrient exchange to both male and female fetuses. This likely
explains the late-gestation fetal growth restriction in both sexes of
this model (Gérdebjer et al., 2014). A reduction in MBS expansion
after PC-EtOH is likely to be caused by reduced perfusion of
maternal blood from constricted spiral arteries as a result of delayed
invasion and remodelling. Indeed, reduced placental blood flow has
already been shown in a first trimester model of alcohol exposure in
the rhesus macaque (Lo et al., 2017). A maternal systemic effect
may explain why male PC-EtOH conceptuses also show reduced
MBS volume, albeit not as severely as the PC-EtOH females. These
results also suggest a role of the spiral arteries and maternal blood
flow in expanding the MBS of the labyrinth. Reduced
vascularisation of only the MBS compartment may be unique to
early life alcohol exposure, as other models, such as hypoxia
(Higgins et al., 2016), undernutrition (Coan et al., 2010), and a high-
fat high-sugar diet (Sferruzzi-Perri et al., 2013), additionally show
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reductions in the FBS compartment. Moreover, active transport of
[*H]-glucose showed reduced exchange to the fetus and placental
clearance. This coincided with altered Glut transporter expression
in the labyrinth, with males showing reduced expression of Glut3,
and females showing increases in both Glutl and Glut3. Both
transporters happen to be localised on SynT-1 facing the MBS side
and connected to the S-TGCs, which may be a reflection, at least in
females, of a reduced surface area of the fenestrated S-TGCs to
provide SynT-1 cells with direct contact with maternal blood, and
therefore nutrients (Coan et al., 2005). Interestingly, structural
changes in the placenta were no longer apparent in the E20 placenta,
suggesting that the labyrinth has the capacity to compensate for
these structural defects, similar to other programming models
(Sferruzzi-Perri et al., 2013; Coan et al., 2010).

Conclusions

This study provides significant mechanistic insight into the origins
of placental defects, fetal growth, and development of adult disease
from a perturbed in wutero environment around the time of
conception. Here, we also provide evidence of unique sex-specific
outcomes in response to alcohol exposure that persist through
gestation. This model also broadens our understanding of
trophoblast-invasion defects, which have not been previously
implicated in models of altered maternal diet. Furthermore, our
results demonstrate the need for a greater public health focus on the
drinking habits of women prior to and around conception.

MATERIALS AND METHODS

Ethics

All animal experiments and procedures were approved by The University of
Queensland Animal Ethics Committee (AEC approval number SBS/022/12/
NHMRC) prior to commencement of this study.

Animal treatment, embryo collection and culture

PC-EtOH exposure was administered in vivo to Sprague Dawley dams in a
liquid diet containing 12.5% v/v ethanol as previously described (Gardebjer
et al., 2014, 2015). Dam weight was at least 230 g before entering the
protocol. Vaginal impedance was measured daily with an EC40 oestrous
cycle monitor (Fine Science Tools), with 4.5x103 Q or higher indicating
oestrus and allocation to the diet regime. Dams were treated over two oestrus
cycles, one prior to mating and the establishment of the pre-implantation
period (denoted as E—4 to E4). Dams were time-mated at EQ from 12.00 h to
17.00 hif impedance exceeded 4.5x103 Q. If pregnancy was established, the
following day was considered E1. At 09.00 h on ES, dams (n=16-18/group)
were sacrificed via guillotine prior to dissection of the uterine horns and
embryo collection. Oviducts and uteri were flushed in HEPES-KSOM
media (Lawitts and Biggers, 1993) and allocated to either staining or culture
procedures. All embryos were genotyped for sex as previously described
(Kalisch-Smith et al., 2017b).

Trophoblast outgrowth assays

Assays were carried out as previously described (Kalisch-Smith et al., 2017b).
A subset of in vivo-treated embryos at E5 were allocated to trophoblast
outgrowth assays. Embryos were placed into preheated microdrops of
trophoblast stem cell media on tissue culture plates (for subsequent QPCR) or
onto gelatine-coated coverslips (for immunostaining), and cultured for 6 days
in a humidifying chamber (Minc benchtop incubator, K-MINC-1000, Cook
Medical, Australia) at 37°C, 5% CO,/5% 0,/90% N, under paraffin oil.
Media was changed every 2 days and imaged with an inverted phase contrast
microscope (Leica). The area occupied by outgrowths were traced in ImageJ
using calibrated settings.

Immunofluorescence procedures
Immunolocalisation for embryos and trophoblast outgrowths was carried
out as previously described (Pantaleon et al., 2010; Kalisch-Smith et al.,

2017b). Briefly, tissues were fixed in 2% paraformaldehyde (PFA) in 1x
PBS for 20 min at room temperature (RT), washed in PBS, and
immobilized on Cell-Tak (Collaborative Biomedical Products)-coated
coverslips (see Fig. S14). E13 placentae were fixed overnight in 4% PFA
prior to hemisectioning and processing into cryomoulds. Placental halves
were embedded cut-face down, and were sectioned at 10 pm, with every
10th section used for staining. Tissues were permeabilised in 0.25%
Triton X-100 in PBS and washed before blocking with 10% normal goat
serum/4 g/l BSA/0.01% Tween-20/PBS (PBT) for 1 h RT. Primary
antibodies were incubated overnight at 4°C. Anti-mouse CDX2
(BiogenX, MU392A-UC; 1:50) was used to localise TE cells of pre-
implantation embryos, whereas trophoblast outgrowths and E13 placentae
utilised anti-rabbit pan-cytokeratin (DAKO, Z0622; 1:200) to distinguish
the cytoskeleton of trophoblasts, and anti-mouse alpha smooth muscle
actin (ab7817, Abcam; 1:100) to distinguish uterine spiral arteries and
vascular smooth muscle cells. Methylation studies were carried out with
specific permeabilisation (0.5% v/v Tween 20 and Triton X-100 in PBS
for 40 min at RT), HCI (4 N HCI 10 min) and tryptic digestion (0.25% w/
v trypsin at 37°C for 30 s) steps and an overnight blocking step in 30%
normal goat serum as described by Li et al. (2016), using anti-mouse SmC
(AbD Serotec, Raleigh, NC, Clone 33D3; 1:100) and anti-rabbit ShmC
(Active Motif, 39769; 1:150). The following day, tissues were extensively
washed in PBT prior to incubation with goat anti-mouse Alexa 488
(Molecular Probes, A-11001), goat anti-rabbit Alexa 568 (Molecular
Probes, A-11011) or goat anti-rabbit Cy3 (Molecular Probes, A-21428)
secondary antibodies at 1:300 (pre-implantation embryos and trophoblast
outgrowths) or 1:400 (placental sections) for 1 h at RT. Tissues were
counterstained with DAPI (Sigma-Aldrich, B2388) in PBS for 10 min.
Blastocysts were transitioned through increasing concentrations of
glycerol prior to mounting with the antifading agent Fluoroshield
(Sigma, F6182).

Imaging and analysis

Embryos and outgrowths were visualised using an inverted confocal
microscope (Leica, DMi8). Pre-implantation embryos utilised a 40% air
objective (0.85NA, pinhole airy=1) and captured in z-stacks of 40.
Outgrowths were imaged at 20% in z-stacks of ten in a tile scan. Excitation
filters of 488 nm (green), 405 nm (blue) and 561 nm (red) fluorescence
were imaged separately. CDX2 immunoreactivity (green) was localised to
the TE of the ES blastocyst. Cells devoid of CDX2 staining were assumed
to be ICM. TE and ICM cells were counted individually using Imagel
(NIH). ICM percentage was calculated as the number of ICM cells
divided by total cellsx100. TE nuclear CDX2 fluorescence was
determined using the imaging processing tool Imaris (version 7.7.2,
Bitplane). A mask was created around the DAPI channel using standard
surface area detail and thresholds. CDX2-negative cells were deleted
(being ICM) and adjoining nuclei were separated. CDX2 fluorescence
intensity was measured within each nucleus, with all nuclear fluorescence
summed to create the final data.

For trophoblast cell counts and ploidy analysis, z-stacks of the DAPI
channel were compressed using ‘average intensity” in ImagelJ. ICM cells, as
indicated by negative staining of pan-cytokeratin, were edited out using
Photoshop. The smallest trophoblasts with positive staining for pan-
cytokeratin had nuclear sizes exceeding 200 um?2. ICM cells (2N) were
found to be less than 200 pm? in size. Nuclear sizes above 1000 pm? were
considered P-TGCs. DNA content, a surrogate marker of ploidy, was
quantified from fluorescence intensity of nuclear DAPI. DNA content of all
trophoblasts and P-TGCs were normalised to ICM cells of the same image to
obtain ploidy relative to 2N.

Placental cryosections were imaged on an upright fluorescence
microscope (BX61 Olympus) using DAPI, GFP and Cy3 filters at 4x and
10x magnification using set parameters. Placentac were measured for
average distance of trophoblast invasion from the P-TGC layer (identified by
large polyploid nuclei), to the most distant pan-cytokeratin-positive SpA-
TGC. Ploidy of uterine SpA-TGCs was assessed in Imaris as described
above. No invasion was seen in all sections regardless of treatment after
section 6 (1 in 10 sections were sampled at 10 um, so section 6 correlates to
600 um into the block).
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Post-mortem cohort studies

For cohorts following E5, dams were returned to laboratory chow until post-
mortem analysis at E6 (n=3/group), E7 (n=5/group), E11 (n=4/group), E13
(n=8/group), E15 (n=15/group) or E20 (n=6/group). Maternal blood was
taken from trunk after guillotine (E5-E11), or cardiac puncture following
anaesthesia with 50:50 ketamine/xylazine as previously described (Gardebjer
et al., 2014). Blood was collected into EDTA- or heparin-coated tubes, and
plasma was collected. For E6 and E7, implantation sites were dissected and
taken whole for histological or molecular studies. Cohorts from E11 to E20
were dissected, and taken with the uterus attached for histology, or without for
molecular studies. Fetuses and placentae were weighed at E13 and E15. At
E15, additional measurements for placental dimensions were taken, and
placentac were separated for decidua, junctional zone and labyrinth, and
weighed separately. All analyses were carried out for both male and female
fetuses with genotyping for sex performed as previously described (Kalisch-
Smith et al., 2017b).

Histology and stereology for paraffin sections

Stereology of uterine stromal volume and primary decidual volume was
assessed on E7 implantation sites, whereas placental compartments; total,
decidua, junctional zone, labyrinth, FBS and MBS were estimated at E13,
E15 and E20, using the Cavalieri principle as described by Coan et al. (2004),
and analysed in ImageJ (NIH). Uteri and placental halves were sectioned at
S um. For uteri, five to ten equally spaced sections (every 10th section) were
selected from the midline of the embryo and either underwent in situ
hybridisation (ISH) for Pri8a2 to detect the primary decidual zone of the
uterus (Dai et al., 2002), or immunohistochemistry for vimentin to localise
uterine stroma in the rat (Glasser and Julian, 1986; Korgun et al., 2007).
Placental halves were sectioned at 5 um for five or six equally spaced sections
with sampling fractions of 1:50 (E13), 1:100 (E15) and 1:150 (E20) used.
Haematoxylin and Eosin (H&E) staining was used for E13 placentae, Mest
ISH for E15 placentae, and IsolectinB4 (1:200; conjugated, Sigma, L5391,
derived from Bandeiraea simplicifolia) for E20 samples, the latter two of
which both marked fetal endothelial cells of the FBS. Volume and surface
areas of placental compartments were estimated. ISH for Prf1 was also used to
localise maternal dNK cells on midline sections. For all procedures, slides
were dewaxed in xylene and rehydrated in an ethanol series.

H&E staining

Slides were stained in Meyers Haematoxylin for 2 min prior to extensive
washing in dH,O. Slides were incubated in 1% alcoholic Eosin for 15 min
prior to mounting in DPX mounting medium (Ajax Finechem).

Immunohistochemistry and lectin histochemistry

For immunohistochemistry, slides underwent antigen retrieval in sodium
citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) for2 hina
pressure cooker. Slides were washed three times in 1x PBS for 5 min,
blocked for endogenous peroxidases using 0.9% H,0, in dH,O for 10 min,
and washed (three times in 1% PBS for 5 min). Slides were blocked in PBT
for 1 hat RT. E7 samples were incubated with anti-rabbit vimentin (Thermo
Fisher, PA5-27231; 1:200) at 4°C overnight. The following day, slides were
washed prior to incubation in biotinylated anti-rabbit secondary antibody
(Vector Laboratories, PK-6101, 1:200) for 1 h at 37°C. Slides were washed
prior to incubation in Avidin-Biotin complex (Vector Laboratories,
PK6100) for 1 h at 37°C. Slides were washed and chromogen stain was
developed using ImmPACT NovaRED Peroxidase Substrate (Vector
Laboratories, SK-4805) as per manufacturer’s protocol. For lectin
histochemistry, slides underwent antigen retrieval and blocking steps as
above. Slides were incubated in 0.1% Triton X-100 with 0.1 mM ions
(MgCl,, CaCl,, MnCl,) for 10 min, prior to incubation of with IsolectinB4
(conjugated, Sigma, L5391, derived from Bandeiraea simplicifolia; 1:200)
in 1x PBS for 2 h at RT. Slides were washed followed by chromogen
development. Slides were counterstained with Haematoxylin and mounted.

ISH

ISH was carried out as previously described (Simmons et al., 2007, 2008).
To construct ISH primers, firstly, gene sequences for the rat (Ratfus
norvegicus) were selected in the database Ensembl (Oxford). Primers were

then designed with the program Primer3 (NIH) (see Table S5). cDNA probe
templates were isolated by gel extraction (QIAquick Gel Extraction Kit,
Qiagen). Digoxigenin labelling of cRNA probes was carried out as per
manufacturer’s instructions (Roche). Probe (1:200) hybridisation was
carried out overnight at 65°C in a humidified chamber and included
negative antisense (T3) controls.

Electron microscopy

Labyrinth midline samples from placentae (E15 and E20) were cut into
1 mm?® blocks and fixed until processing in 2.5% glutaraldehyde in 0.2 M
sodium cacodylate buffer. Samples were washed in 0.1 M sodium
cacodylate buffer at 250 W and 1% osmium tetroxide in cacodylate buffer
at 80 W in a vacuum microwave (Biowave, Pelco). Samples were rinsed in
water at 250 W and counterstained in 2% uranyl acetate,q) at 150 W under
vacuum. Samples were dehydrated in an ethanol series (30%, 50%, 70%,
90%, 100%, 100%) at 250 W and infiltrated in an epon resin series (1:3, 1:1,
3:1, 100%, 100%) under vacuum. Resin was polymerised for 48 h at 60°C.
Thick (500 nm) sections were cut and stained with Toluidine Blue to
confirm localisation of the labyrinth. Thin sections of 100 nm were cut and
placed onto copper grids, post-stained with lead citrate and visualised using
an electron microscope (Jeol JEM-101). Two blocks per labyrinth samples
were used to gather a minimum of six interhemal membranes to measure
thickness, and averaged per block.

Culture of mouse trophoblast stem cells

Mouse trophoblast stem cells (RS26 line), were seeded at 10,000 cells per
well and incubated in 0% (control), 0.2% or 1% ethanol as previously
described (Kalisch-Smith et al., 2016). Cell were harvested at 2 days of
differentiation prior to RNA extraction and QPCR, for these procedures (see
Kalisch-Smith et al., 2016). Cells showed no signs of contamination.

RNA extraction, cDNA synthesis and RT-PCR

RNA was extracted from E15 placentae using RNeasy Mini Kit (Qiagen), as
per manufacturer’s protocol, with on-column DNase digestion. Extractions
from other tissues used TRIzol (Thermo Fisher Scientific). GlycoBlue (1 pl;
Ambion) was added in the isopropanol step of trophoblast outgrowth
extractions, and precipitated overnight at —80°C due to low abundance of
RNA and for clear localisation of the RNA pellet. Outgrowths also used the
gDNA wipe-out step in the reverse transcription Quantitek kit (Qiagen),
whereas E11 and E13 samples underwent DNase digestion with RNA clean-
up on Qiagen columns. RNA purity was assessed using NanoDrop ND1000
spectrophotometer (NanoDrop Technologies), with A260:A280 nm
absorbance ratio values between 1.8 and 2.1 indicating pure RNA samples.
Quantities of RNA greater than 500 ng were used for complementary DNA
(cDNA) synthesis and gene analysis. RT-PCR was carried out using TagMan
and SYBR expression assays. For TagMan, 1 pl (100-200 ng) cDNA with
5 ul TagMan (Qiagen), 0.1 ul TagMan assay-on-demand primers (Thermo
Fisher). The remaining volume was made up to 10 pl with ultrapure water.
SYBR reactions utilised 5 pl SYBR green reagent (Qiagen) with 3 ul H,O,
1 ul of 4 uM forward and reverse primers, and 1 pl (100-200 ng) cDNA.
Assays ran on a StepOne Real-Time PCR System (Applied Biosystems), for
1 h. Atleast two housekeeping genes were used at each gestational age with a
geometric mean taken (/8S, Bac, Rplp0, Rpl13a, Rpl19). Results were used to
calculate relative gene expression using the AACT method (Moritz et al.,
2002), standardised to control or control male group. SYBR primers were
commercially available predesigned primer pairs from KiCqStart SYBR
Green (Sigma). Melt curves were assessed to ensure amplification of a single
product. Primer efficiencies were calculated from amplification data ‘Delta
Rn’ and were plotted using the LinReg PCR program (version 11) (Ruijter
et al., 2009). Primers, product codes and primer efficiencies are provided in
Tables S5-S7.

Western blot

Total protein was extracted from uterine samples at E5 (n=5-6 per
treatment). Samples were homogenised in RIPA buffer and were blotted for
the hormone receptors ESR1 (60 kDa) and ESR2 (55 kDa). Each sample of
denatured protein (40 pg) was loaded on a 12% polyacrylamide gel, and
membranes were incubated overnight with anti-rabbit oestrogen receptor
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alpha (Abcam, ab32063; 1:1000) in 5% non-fat milk/TBS-T (Tris-buffered
saline, 0.1% Tween-20). The presence of both oestrogen receptor isoforms
was detected. Anti-mouse B-actin (1:30,000, Sigma, A1978) was used as a
control. Densitometric analysis was used to quantify bands using Image
Studio Lite (LI-COR Biosciences).

Radiotracer placental transport assays

Dams were anaesthetised as described above and administered 50 uCi kg™!
3-0-methyl-D-[*H]-glucose (PerkinElmer, NET379001MC) in a 200 pl
bolus of PBS. Assays were carried out for 5 min prior to collection of
maternal blood via cardiac puncture into EDTA-coated tubes, and dissection
of placental and fetal tissues. Dams that showed unstable blood radioactivity
from two consecutive samples were eliminated from analyses. Previous
studies in the rat by Ericsson et al. (2007) showed no back-flux of these
radiolabelled nutrients across the placenta for up to 7 min post-injection.
Maternal plasma, fetal and placental tissues were digested overnight at 55°C
in SOLVABLE (PerkinElmer). The following day, samples were
decolourised with 0.2 ml 30% H,O, for 30 min. Scintillation fluid
(Ultima Gold, PerkinElmer) was added and samples were counted for
B-radioactivity in counts per minute (CPM) (Tri-Carb 3110 TR Beta
Counter, PerkinElmer). Radioactivity for maternal plasma, placenta and
fetal tissues were calculated for fetal accumulation (fetal CPM per g fetus),
relative transport of placenta (fetal CPM per g placenta), placental uptake
(placental CPM per g placenta) and placental clearance from maternal blood
per unit time (ul min~! g~! placenta).

Hormone analysis

Progesterone concentrations were analysed in maternal plasma samples by
radioimmunoassay (RIA) as previously described (Curlewis et al., 1985),
except using progesterone antiserum C-9817 (Bioquest, North Ryde, NSW,
Australia). Plasma samples were diluted (1:10) in charcoal-stripped fetal
bovine serum (Gibco 12676, Invitrogen) and extracted in hexane prior to
assay. The extraction efficiency was 75% and the values reported herein
were not corrected for these losses. Assay sensitivity was 0.1 ng/ml and the
intra- and inter-assay coefficients of variation were 8.1% and 7.9%,
respectively, for a quality control of 2.7 ng/ml.

Plasma oestradiol-17f concentrations were measured using a
commercially available RIA (DSL4800, Ultra-sensitive Oestradiol RIA,
Beckman Coulter), following the manufacturer’s instructions. Plasma
samples were diluted (either 1:2 or 1:4) in charcoal-stripped fetal bovine
serum. The assay sensitivity was 1.0 pg/ml and the intra- and inter-assay
coefficients of variation were 0.6% and 6.2%, respectively, for a quality
control of 62.3 pg/ml.

Quantification of plasma choline levels

E2 maternal plasma was collected at several intervals over 24 h following
diet administration (30 min, 5h and 21 h post-administration), and ES
plasma was collected at 09.00 h on the morning of E5 following sacrifice.
All samples were stored at —20°C. Eighty microlitres of plasma was used to
assess choline concentrations using the Choline Assay Kit (Abnova,
KA1662) as per the manufacturer’s instructions.

DNA methylation analysis of placental samples

To assess global DNA methylation, E13 whole placenta, as well as separated
E15 and E20 labyrinth and junctional zones, were extracted for genomic
DNA. DNA (100 ng) was assayed using the MethylFlash Methylated DNA
Quantification Kit (Epigentek, P-1034) as per the manufacturer’s instructions.

Statistics

For embryo studies analysing treatment (PC-EtOH, control) with sex, two-
way ANOVA with Tukey’s multiple comparison tests were used. For
analyses comparing control and PC-EtOH treatments, Student’s #-tests were
used if data was normally distributed, or otherwise Mann—Whitney non-
parametric tests were used. Data were tested for normality using a
combination of tests (D’Agostino and Pearson, Shapiro-Wilk and
Kolmogorov—Smirnov), prior to undergoing two-way ANOVA. Embryo
parameters were pooled or taken as a litter average. For gene expression

assays, mean relative expression of treatments were standardised to either
the control group (uterine samples), or the control male group (if analysing
treatment with sex). All data are displayed as meants.e.m. All graphs and
statistics were performed using GraphPad Prism 6 software (GraphPad
Software). P<0.05 was considered significant.
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