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Abstract
The origin of embryos including those created through assisted reproductive technologies (ART)
may have profound effects on placental and fetal development, possibly leading to compromised
pregnancies associated with poor placental development. To determine the effects of embryo
origin on fetal size, and maternal and fetal placental cellular proliferation and global methylation,
pregnancies were achieved through natural mating (NAT), or transfer of embryos generated
through in vivo (NAT-ET), IVF, or in vitro activation (IVA). On Day 22 of pregnancy, fetuses
were measured and placental tissues were collected to immunodetect Ki67 (a marker of
proliferating cells) and 5-methyl cytosine (5mC) followed by image analysis, and determination of
mRNA expression for three DNA methyltransferases (DNMT). Fetal length and labeling index
(proportion of proliferating cells) in maternal caruncles (CAR; maternal placenta) and fetal
membranes (FM; fetal placenta) were less (P < 0.001) in NAT-ET, IVF and IVA than in NAT.
Expression of 5mC was greater (P < 0.02) in IVF and IVA than in NAT. In CAR, mRNA
expression for DNMT1 was greater (P < 0.01) in IVA compared to the other groups, but
DNMT3A expression was less (P < 0.04) in NAT-ET and IVA than NAT. In FM, expression of
mRNA for DNMT3A was greater (P < 0.01) in IVA compared to the other groups, and was
similar in NAT, NAT-ET and IVF groups. Thus, embryo origin may have specific effects on
growth and function of ovine utero-placental and fetal tissues through regulation of tissue growth,
DNA methylation and likely other mechanisms. These data provide a foundation for determining
expression of specific factors regulating placental and fetal tissue growth and function in normal
and compromised pregnancies, including those achieved with ART.
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1. Introduction
Early pregnancy is a critical period, due to the major developmental events that occur,
including embryonic organogenesis as well as formation of the placenta, a process known as
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placentation and manifested by enhanced cell proliferation and vascular development [1–6].
The pattern of placental and fetal growth during early pregnancy after natural breeding has
been well established for sheep [1,5–7]. Comparison of the development of placenta in
natural pregnancies and pregnancies achieved by various assisted reproductive technologies
(ART), such as after transfer of embryos created through IVF, has demonstrated differences
in placental and fetal growth in several species [9–13]. For example for cows, sheep and
pigs, during early pregnancy fetuses created in vitro and then transferred can be of larger or
smaller sizes than fetuses created in vivo [8,14–17]. However, data concerning fetal and
placental growth, and especially during early pregnancy after transfer of embryos of
different origin are very limited. Factors influencing fetal and placental growth have a
dramatic impact on fetal and neonatal survival and development [1–3]. Recent observations
indicate that compromised fetal growth impacts not only the neonatal period but also life-
long health and productivity in humans and other mammalian species [18–20].

Methylation of DNA, regulated by DNA methyltransferases (DNMT) and other factors,
plays a role during fetal and placental development by regulating gene expression, and
typically involves methylation of cytosine residues (resulting in formation of 5-methyl
cytosine [5mC]) in ‘CG islands’ located throughout the regulatory and coding regions of
genes [21–24]. In compromised pregnancies, altered DNA methylation in the placenta may
contribute to embryonic/fetal loss or impaired fetal growth [25]. Additionally, origin of the
embryo, including those from ART, can alter methylation in the placenta, developing fetus
or offspring in several mammalian species [26–30]. Little is known, however, about DNA
methylation processes in placental tissues during early stages of normal or compromised
pregnancies in any species.

We hypothesize that growth of the fetus and placenta and global methylation during early
pregnancy is altered in pregnancies achieved through transfer of embryos generated from
various sources, including those from ART compared with natural pregnancies. To test this
hypothesis, we established pregnancies using a control group that was naturally mated
(NAT), as well as three ART methods, as follows: (i) superovulation induced by multiple
injections of follicle stimulating hormone (FSH) combined with natural mating, embryo
flushing and transfer to recipients (NAT-ET); (ii) transfer of embryos obtained through IVF
of oocytes collected from FSH-treated ewes; and (iii) transfer of embryos obtained through
in vitro activation (IVA; i.e., parthenotes, which are clones containing only maternal genes)
of oocytes collected from FSH-treated donors. In the NAT-ET group, embryos were only
briefly removed from the uterine environment and had maternal and paternal genomes; in
the IVF group, embryos were created in culture dishes and possessed both maternal and
paternal genomes; and in the IVA group, embryos were created in culture dishes and had
only the maternal genome. Parthenogenetic embryos have been used to study the effects of a
lack of the paternal genome on embryonic development and expression and role of
imprinted genes in several species [15,31–38].

Therefore, in this study we determined fetal size, cell proliferation, and global methylation
(measured by expression of 5mC and mRNA for DNMT1, 3A and 3B) in fetal and maternal
placenta during early pregnancy in NAT, NAT-ET, IVF, and IVA groups in sheep.

2. Materials and methods
2.1. Animals and Tissue Collection

The North Dakota State University Institutional Animal Care and Use Committee approved
all animal procedures used in this study. Estrus was synchronized for ewes (n=67; adult
Western range crossbred, primarily Rambouillet, Targhee and Columbia crossbred)
randomly assigned to be naturally mated, or to serve as donors or recipients using a CIDR

Grazul-Bilska et al. Page 2

Theriogenology. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



device (MWI, Boise, ID, USA) implanted for 14 d during the breeding season. At 24 h after
CIDR removal, NAT ewes were exposed to a fertile ram and naturally mated, but for donor
ewes from NAT-ET, IVF and IVA groups, estrus was checked twice daily using a
vasectomized ram; 5, 86, and 7% of ewes expressed estrus at 24, 36 and 48 h after CIDR
removal, respectively. Beginning on Day 13 of the estrous cycle, donor ewes (n=3) for the
NAT-ET group were treated twice daily with FSH (Sioux Biochemical, Sioux Center, IA,
USA) for 3 d (Day 13, 5 units/injection; Day 14, 4 units/injection and Day 15, 3 units/
injection; unit is equivalent to 3.5 g of NIDDK-oFSH-20), whereas donor ewes (n=22) for
the IVF and IVA groups were treated with FSH for 2 d (Days 13 and 14, doses as above)
following estrus (d 0) as described before [10,39,40]. On Day 15 of the estrous cycle, ewes
from the NAT-ET group were exposed to a fertile ram for 24 to 48 h, but for IVF and IVA
groups ovaries were collected, and the oocytes were isolated, matured and then fertilized or
activated in vitro as previously described in detail [10,36,40,41]. For breeding of NAT and
donor ewes for NAT-ET group two Western range crossbred rams were used. Briefly,
cumulus oocyte complexes (COC) were isolated from visible surface antral follicles >3 mm
in diameter; the average number of COC collected per ewe was 19.3±1.6. For IVF and IVA
procedures, COC (up to 30 COC/0.5 mL in a four-well Nunc culture dish) were incubated
overnight in maturation medium (TCM199; Sigma, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS, Sigma), ovine FSH [5 μg/mL; oFSH-RP-1; NIAMDD-NIH,
Bethesda, MD, USA], ovine LH [5 μg/mL; oLH-26; NIADDK-NIH], estradiol -17β [1 μg/
mL; Sigma], glutamine [2 mM; Sigma], sodium pyruvate [0.25 mM; Sigma], epidermal
growth factor [10 ng/mL; Sigma] and penicillin/streptomycin [100 units/mL penicillin and
100 μg/mL streptomycin; Gibco, Grand Island, NY, USA]). After denuding oocytes of
cumulus cells [41], half of the oocytes from each ewe were used for IVF, whereas the
remainder were used for IVA. For IVF, oocytes were cultured in fertilization medium in the
presence of capacitated frozen-thawed sperm (0.5 to 1 × 106 sperm/mL; sperm pooled from
five Western range crossbred rams) for 24 h followed by incubation in culture medium until
embryo transfer (ET; see below). For IVA, oocytes were incubated for 5 min in TCM199
medium containing 2% FBS and ionomycin (2.5 μM; Sigma) followed by a 3-h incubation
with 6-dimethylaminopurine (DMAP; 2 mM; Sigma). In vitro activated oocytes were then
transferred to culture medium and incubated until ET (see below).

For the NAT-ET group, on Day 5 post-mating (Day 1 = day of mating), embryos were
flushed, evaluated using a stereomicroscope, and then transferred to synchronized recipients
(three embryos from the same donor/recipient). For the IVF and IVA groups, in vitro-
generated embryos were transferred on Day 5 after fertilization or activation (Day 1 = day of
fertilization or activation) to synchronized recipient ewes (three embryos from the same
donor/recipient), as described by Grazul-Bilska et al. [10,40]. On Day 22 after mating,
fertilization or activation, fetuses and utero-placental tissues were collected from NAT
(n=8), NAT-ET (n=7), IVF (n=8), and IVA (n=7) groups. Pregnancy rates for the NAT,
NAT-ET, IVF and IVA groups were 80, 78, 80, and 54%, respectively.

As we have previously described [5,6], to maintain specimen morphology for histology/
immunohistochemistry, specimen pins were inserted completely through the uterus and FM
at the level of the external intercornual bifurcation. Cross sections of the entire gravid uterus
(approximately 0.5-cm thick) were the obtained using a Stadie-Riggs microtome blade
(Thomas Scientific, Swedesboro, NJ, USA) followed by immersion in formalin (for Ki67
detection) or Carnoy’s solution (for 5mC detection) and embedding in paraffin. For total
cellular RNA extraction, caruncular (CAR; maternal placenta) tissues and fetal membranes
(FM; fetal placenta [chorioallantois]) were dissected from the area close to the embryo,
snap-frozen in isopentane super-cooled in liquid nitrogen, and stored at −70 °C. Fetuses
were separated from their fetal membranes, and crown-rump length of each fetus was
measured. Day 22 was used for tissue collection, as in our previous experiments, we have
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demonstrated that on Days 20 to 22, major changes in cell proliferation, vascularization and
expression of angiogenic factors occurred in fetal and maternal placenta in pregnancies
achieved through natural mating [5,6]. In addition, in sheep by Days 20 to 22 after mating,
placentation is already initiated [42].

2.2. Immunohistochemistry
Immunohistochemical procedures were performed as described [5,6]. Briefly, paraffin-
embedded uterine tissues containing FM were sectioned at 4 μm and mounted onto glass
slides, rinsed several times in PBS containing Triton-X100 (0.3%, v/v) and then treated for
20 min with blocking buffer (PBS containing normal horse serum [2%, vol/vol)]), followed
by incubation overnight at 4° C with a specific primary antibody against Ki67 (1:500; mouse
monoclonal; Vector Laboratories, Burlingame, CA, USA), an endogenous marker of
proliferating cells, or 5mC (1:500; mouse monoclonal; Eurogentec North America, San
Diego, CA, USA), a marker of global DNA methylation [43]. Primary antibodies were
detected by using an anti-mouse secondary antibody coupled to peroxidase (ImPress Kit;
Vector Laboratories) and SG as the peroxidase substrate (Vector Laboratories). Thereafter,
sections were counterstained with nuclear fast red (Sigma) to visualize cell nuclei. Control
sections were incubated with mouse IgG (4 μg/mL; Vector Laboratories) in place of the
primary antibody. Fetal placental cell or tissue (e.g., chorion or allantois) types were not
identified due to methodological difficulties, such as a lack of specific markers for these
cell/tissue types in sheep or absence of some cell/tissue types in individual tissue sections;
thus, the entire fetal placenta was used for immunohistological and other evaluations.

2.3. Image analysis
For each tissue section, images were taken at 400× (Ki67 staining) or 600× (5mC staining)
magnification (using a Nikon Eclipse E600 microscope and digital camera) of 5 to 10
randomly-chosen fields (0.025 mm2 per field) from areas containing CAR, inter-CAR
(ICAR) and FM, separately. To determine the labeling index (LI; percentage of cellular
nuclei stained for Ki67) in CAR, ICAR and FM or the percentage of 5mC-positive area in
cell nucleus in FM, an image analysis system (Image-Pro Plus, Media Cybernetics,
Bethesda, MD, USA) was used as described [5,6].

2.4. Quantitative Real-Time RT-PCR
All procedures for determining the expression of mRNA for ovine placental genes by
quantitative RT-PCR have been reported [6]. Briefly, snap-frozen FM tissues were
homogenized in Tri-Reagent (Molecular Research Center; Cincinnati, OH, USA) according
to the manufacturer’s specifications. The quality and quantity of total RNA were determined
via capillary electrophoresis using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Wilmington, DE, USA). Real-time RT-PCR reagents, probes, and primers were purchased
from and used as recommended by Applied Biosystems (Foster City, CA, USA). For each
sample, 30 ng of total RNA was reverse transcribed in triplicate 20-μL reactions using
random hexamers. Sequence-specific Taqman probes and primers were designed using the
Primer Express Software from Applied Biosystems, and sequences for DNMT1, 3A and 3B
have been published [6]. An ABI PRISM 7000 instrument (Applied Biosystems) was used
for detection of sequences amplified at 60 ° C, typically for 40 cycles. Quantification was
determined relative to a standard curve of dilutions of cDNA generated from total RNA
pooled from placental tissues collected on Day 130 of pregnancy. Expression of each gene
was normalized to expression of 18S ribosomal RNA (rRNA) in a multiplex reaction using
the human 18S pre-developed assay reagent (PDAR) from Applied Biosystems. The PDAR
solution, which is primer limited and contains a VIC-labeled probe, was further adjusted by
using one-fourth the normal amount, so that it would not interfere with amplification of the
FAM-labeled gene of interest. Standard curves were also generated using the multiplex
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solution, and the quantity of 18S rRNA and the gene of interest were determined using each
specific standard curve. The concentrations of mRNA were then normalized to 18S rRNA
by dividing each of the mRNA values by their corresponding 18S rRNA value [6].

2.5. Statistical analyses
Data for fetal size, labeling index, and expression of 5mC and mRNA for DNMT1, 3A and
3B were analyzed using the general linear models (GLM) procedure of SAS with the main
effect of embryo origin/pregnancy type [44]. When the F-test was significant (P<0.05),
differences between specific means were determined by using the least significant
differences (LSD) test [45]. Data are presented as means ± SEM.

3. Results
The length of the fetus was the greatest (P < 0.0001) in NAT group, less in NAT-ET, and
least in the IVF and IVA groups (Fig. 1A). In the IVF and IVA groups, the length of the
fetuses was approximately two-fold less than in the NAT group (Fig. 1A).

The Ki67 protein, a marker of proliferating cells, was detected in the nuclei of fetal (FM)
and maternal (CAR and ICAR) placental samples from all groups (Fig. 2). Labeling index in
CAR and ICAR of the maternal placenta was similar; therefore data were combined for
these two uterine compartments within each group. Labeling index was greater (P < 0.001)
in FM than in maternal placenta in all groups. In the NAT group, LI was 24.5±2.9% and
3.5±0.3% in FM and maternal placenta, respectively. In maternal placenta, LI was less (P <
0.001) in the NAT-ET group and least in IVF and IVA groups compared to that of the NAT
group; in FM, LI was less (P < 0.001) in the NAT-ET and IVF groups and least in IVA
group compared to the NAT group (Fig. 1B).

In all groups, 5mC was detected as punctate staining in cell nuclei in FM and maternal
placenta (Fig. 3). In FM, expression of 5mC was ~2- to 3-fold greater (P < 0.02) in IVF and
IVA compared with the NAT group (Fig. 4A). In maternal placenta, expression of 5mC was
similar for all groups (as expected). In CAR, mRNA expression of DNMT1 was greater (P <
0.01) in the IVA group than in the NAT, NAT-ET or IVF groups, whereas expression of
DNMT3A was less (P < 0.04) in the NAT-ET and IVA groups than in the NAT group (Fig.
4B). In FM, expression of mRNA for DNMT3A was greater (P < 0.01) in the IVF group that
in any other group (Fig. 4C). Expression of mRNA for DNMT3B in CAR and DNMT1 and
DNMT3B in FM was similar for all treatment groups (Fig. 4B,C).

4. Discussion
Embryo origin and/or selected ART may affect embryonic and fetal development,
placentation and implantation, placental function and growth, duration of gestation,
embryonic loss/survival, pregnancy rate, birth weight, gene expression or other processes,
and consequently may lead to compromised pregnancy and subsequent poor pregnancy
outcomes [8–13,17,26,46–52].

The present study demonstrated profound effects of embryo origin and selected ART
methods on fetal and maternal placental growth, as reflected by smaller fetal size and
reduced placental cell proliferation compared with embryos from natural mating. Fetal size
was decreased by 15% in the NAT-ET group, where FSH-treatment was combined with
natural breeding and ET, and by more than 50% after application of IVF or IVA followed by
ET. Reduced fetal size also was observed for ovine and porcine parthenotes at a similar
stage of pregnancy as in the present study (Day 26 or 21 of gestation, respectively)
compared to naturally-bred controls [15,16]. For cows, shorter crown-rump length of fetuses
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has been reported for early pregnancy after in vitro compared to in vivo fertilization [8]. In
contrast, Farin et al. [17] reported that the length of bovine embryos produced in vitro
almost doubled compared to embryos produced in vivo during early pregnancy; and these
authors further suggested that this could lead to large offspring syndrome in late pregnancy.
Thus, conditions created during FSH treatment followed by natural breeding, IVF or IVA
and ET may have negative effects on fetal growth and development very early in pregnancy.

In the present study, for in vivo and in vitro fertilization sperm from several rams with
similar genetic background was used. Since it has been demonstrated that semen from
individual rams may affect fertilization rates and early embryonic development [53–55], we
cannot exclude the possibility that origin of sperm could affect early embryonic
development and potentially fetal and placental growth. Furthermore, we transferred three
embryos from the same donor to each recipient; this resulted in relatively small variation in
various measurements, indicating minimal effects of individual donor ewe on placental
development. However, data concerning the effects of sperm origin or oocyte/embryo donor
on placental and fetal development are extremely limited; therefore this subject requires
further investigation.

In maternal and fetal placenta, a similar pattern of reduced cell proliferation after ET
occurred in the present study. In addition, the LI was approximately 10-fold less in maternal
than fetal placenta. Placental cell proliferation in pregnancies affected or compromised by
application of ART or by other environmental factors (e.g., maternal nutrition, maternal age,
maternal genotype, maternal stress, etc.) has received limited attention, and especially
during early pregnancy. However, decreased LI was observed in the placenta of adolescent
overnourished ewes during mid to late gestation, which were also characterized by impaired
fetal and placental growth [56,57]. Moreover, in pregnancies compromised by diabetes, both
increased and decreased placental cell proliferation was observed in rats [58,59]. For
diabetic mice, decreased cell proliferation was reported in the myometrium during early
pregnancy [60]. Conversely, cell proliferation was similar in human term placental from
diabetic and non-diabetic mothers [61]. Thus, the high rate of cell proliferation observed in
maternal and especially in fetal placenta in natural pregnancy is decreased during early
pregnancy after ET and application of ART or in pregnancies compromised by other factors
across several mammalian species. This very early defect in placental growth may contribute
to impaired fetal and placental growth later in pregnancy, and thereby negatively affect
pregnancy outcome and subsequent health and well-being of the offspring.

Tissue growth, a major component of which is cell proliferation, is regulated by growth
factors and other regulatory factors in placenta and other tissues [2,3,5–7]. After transfer of
embryos of different origin, we have observed reduced expression of several growth factors
known to regulate tissue growth and placental function during early pregnancy, including
fibroblast growth factor (FGF) 2, FGF receptor, placental growth factor and several others
[5,6,62]. We therefore hypothesized that embryo origin and ART would decrease expression
of regulatory factors which in turn could contribute to reduced cellular proliferation and fetal
size.

In our previous studies, we demonstrated changes in expression of 5mC and mRNA for
DMNT1, 3A and 3B in FM during early pregnancy [6]. In the present study, enhanced
expression of selected markers of global methylation (5mC or DNMT3A mRNA) was
detected in fetal placenta from IVA and IVF groups. In maternal placenta, upregulation of
DNMT1 mRNA was observed in the IVA group along with downregulation of DNMT3A
mRNA expression in the NAT-ET and IVA groups. Thus, global methylation, as measured
by expression of 5mC and mRNA for several DNMTs, was affected in ovine maternal and
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fetal placenta after transfer of embryos of different origin and application of ART. These
epigenetic changes could affect expression of selected genes.

Since there was enhanced expression of 5mC in the IVF and IVA groups, we inferred there
was DNA hypermethylation, which is likely associated with silencing of specific genes.
Furthermore, differential expression of markers of global methylation in fetal and maternal
placenta indicates active methylation/demethylation processes in these tissues. The major
role of DNMT1 is to maintain the gene methylation pattern, but DNMT3A and 3B are
thought to control de novo methylation [63,64]. Furthermore, it has been suggested that
DNMT 3A and 3 B are involved in demethylation process [65,66]. In human placenta,
methylation of imprinting control regions of H19 or insulin-like growth factor 2 genes was
not affected by IVF and intracytoplasmic sperm injection [67]. Furthermore, the DNA
methylation pattern of selected differentially methylated regions in blood samples was
similar for ART-conceived and naturally conceived children [29,68]. For other species,
including cows and sheep, application of ART (e.g., IVF, IVA or somatic cell nuclear
transfer) affected selected gene methylation, global methylation and/or expression of
DNMTs in some, but not all studies [22,30,69–71]. Significant variation in global
methylation among these reports was likely due to species, time of tissue collection, as well
as methodological and other differences, which certainly warrants further investigation in
pregnancies compromised by ART. Furthermore, it is currently unclear how changes in any
epigenetic mechanism affect placental development and maternal-offspring interactions
during pregnancy and postnatally.

The NAT-ET group in the present study underwent two ART manipulations – FSH
treatment followed by embryo flushing and transfer. Although several measurements in this
and the NAT control group were similar, the NAT-ET group exhibited reduced fetal size,
placental cell proliferation and mRNA expression for DNMT3A. Therefore, superovulatory
treatments, which are widely used in animal production and human reproductive medicine,
may have some negative effects on fetal and placental growth and function during early
pregnancy [26]. Conversely, in several experiments in which we used a similar FSH
treatment optimized in our laboratory, there were no impaired fertilization or blastocyst
formation rates, or impaired development of fetuses or offspring in sheep [10,39–41].
Therefore, we hypothesize that in FSH-treated animals, some compensatory mechanisms
may exist during embryonic and/or fetal development to allow for normal fetal and placental
growth and function throughout pregnancy.

After transfer of parthenotes in the present experiment, there was decreased fetal and
placental growth and enhanced expression of selected markers of global methylation,
including increased 5mC and mRNA for DNMT1 in CAR and DNMT3A in FM. In several
studies, differences in expression of selected genes, including those involved in epigenetic
processes, have been demonstrated in bovine parthenogenetic blastocysts compared to
blastocysts created through IVF [37,72–75]. Comparison of the present data with data for
blastocysts should be treated with caution, since various stages of embryonic/fetal
development (i.e., blastocysts versus 22 d fetus) were evaluated [76]. Nevertheless, these
studies indicated epigenetic differences among fetuses of different origin, and that these
were likely due to hormonal treatment and/or exposure to in vitro conditions. Because an
understanding of the role of epigenetics in the negative effects of ART is incomplete
[26,28,77], this area requires further studies.

The major differences in tissue growth or global methylation observed in our study were due
to different origins and manipulations of the embryo. Studies of maternal-fetal interactions
demonstrate that the embryo affects uterine function and has an active role in initiation of
pregnancy, and in turn the uterus affects fetal growth and development [2–4,46,48,52,78–

Grazul-Bilska et al. Page 7

Theriogenology. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



80]. For pregnancies achieved after transfer of embryos created through somatic cell nuclear
transfer (SCNT), placental failure is due to abnormal embryo-maternal communication and
endometrial remodeling during the peri-implantation period [52,79,81]. Conversely, in
pregnancies resulting from the transfer of embryos created through IVF, changes in
endometrial remodeling and function were less pronounced than after transfer of embryos
from SCNT [52,81]. It has been postulated that endometrial tissues possess mechanisms to
adapt to different embryos, which may serve as a biological sensor to meet embryonic
demands or adaptation to environmental conditions [48]. These maternal-fetal interactions
may have long-term consequences for placental function, and subsequently for offspring
outcome and even into adulthood [18–20,82].

In the present study, only placental tissues from Day 22 of pregnancy were evaluated.
Therefore, we cannot exclude that the differences in fetal and placental growth and function
may be minimized later in pregnancy by compensatory mechanisms, with the exception of
pregnancies after transfer of parthenotes which naturally terminate after approximately 4
wk, due to the absence of a paternal genome [15,16]. In our previous study, some
compensatory mechanism likely appeared in singleton but not twin pregnancies, since
weight of lambs and several placental parameters on Day 140 of gestation (gestational
length is ~145 d in sheep) were similar in pregnancies achieved through IVF and natural
breeding [10]. Conversely, we and others have reported that in ruminants, pregnancies
resulting from various ART including IVF and SCNT exhibit poor placental development
and vascularization as well as abnormal/altered fetal growth and development at different
stages of gestation [10,17,83–86]. Therefore, the effects observed during early pregnancy in
the present study could likely have long-term consequences for pregnancy outcome.

In summary, in this study, transfer of embryos of different origin and application of ART
decreased fetal size and placental cell proliferation, and altered expression of selected
markers of global methylation in fetal and maternal placenta on Day 22 of pregnancy. Thus,
embryo origin may have specific effects on growth and function of the ovine placenta and
fetus through regulation of tissue growth and epigenetic processes, as well as other
mechanisms such as placental angiogenesis. Since very few studies have focused on
evaluation of selected processes in placenta during early gestation without or with
application of ART in any species, these data provide novel information concerning fetal
and placental tissue growth/cell proliferation and global methylation in relation to embryo
origin. Furthermore, these data provide a foundation for determining the expression of
specific factors regulating growth of placental and embryonic tissues in pregnancies after
application of ART including ET, IVF, IVA and/or cloning. In addition, these data will help
us to better understand placental regulatory mechanisms in compromised pregnancies, and
to identify strategies for rescuing such pregnancies.
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Fig. 1.
Mean (± SEM) length of the fetus (A) and labeling index (LI; percentage of proliferating
cells) in maternal and fetal placenta (B) in NAT, NAT-ET, IVF and IVA groups on Day 22
of pregnancy in ewes. For LI, data are expressed as fold change compared to the NAT
control group, which was arbitrarily set as 1. In the NAT group, the actual LI was 3.5±0.3%
in maternal and 24.5±2.9% in fetal placenta.
a–cMeans without a common superscript differed (P < 0.0001).
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Fig. 2.
Representative photomicrographs of immunohistochemical staining for Ki67 (an
endogenous marker of cell proliferation) in maternal and fetal placenta in (A) NAT, (B)
NAT-ET, (C) IVF and (D) IVA groups on d 22 of pregnancy. The blackish nuclei represent
positive staining and the reddish/pinkish nuclei (nuclear fast red staining) represent
unlabeled nuclei. Note nuclear staining of Ki67 in fetal membranes (FM; fetal placenta;
chorioallantois) and endometrium (E, maternal placenta). In the inset in (D), note a lack of
positive staining in the control sections in which mouse IgG was used in place of the
primary antibody.
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Fig. 3.
Representative photomicrographs of 5mC staining (blackish color in cell nuclei) in fetal
membranes (FM; fetal placenta; chorioallantois) and endometrium (E; maternal placenta) in
(A) NAT, (B) NAT-ET, (C) IVF and (D) IVA groups on Day 22 of pregnancy. The reddish/
pinkish staining represents nuclear fast red counterstaining. Note a very low 5mC expression
in some cells (arrows) in each group (A–D). In the inset in (B), note a lack of positive
staining in the control sections in which mouse IgG was used in place of the primary
antibody.
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Fig. 4.
Expression of 5mC (as determined by immunohistochemistry followed by image analysis) in
fetal placenta (A), and expression of mRNA for DNMT1, DNMT3A and DNMT3B in
maternal placenta (CAR, B) and fetal placenta (FM, C) in NAT, NAT-ET, IVF and IVA
groups on Day 22 of pregnancy.
a,bMeans without a common superscript differed (P < 0.0001).
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