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Chapter 1 General Introduction

1.1 Ovulation, fertilization and early embryo development
in the horse

1.1.1 From ovulation to intraoviductal embryo development

The mare is long-day seasonally poly-estrus and, in the absence of pregnancy,
displays multiple estrous cycles during a physiological breeding season extending
through the spring and summer. In most cases, mares have a single ovulation
per cycle. The average length of an estrous cycle is approximately 22 days, and
each cycle is divided into two phases: the follicular phase or estrus, which lasts a
mean of 5-7 days, and the luteal phase or diestrus which is a more consistent 13-15
days (Fig.1: During the late follicular phase, follicles secrete large quantities of
estrogen which establishes a positive feed-back loop with luteinizing hormone (LH)
released from the pituitary gland which further supports growth and maturation
of the dominant follicle, and ultimately results in ovulation). The luteal phase
starts after ovulation, and the corpus luteum (CL) that forms as a result of LH-
induced luteinization of follicular granulosa cells, secretes the progesterone critical
for initiating changes in the uterine environment required to support pregnancy.

If the ovulated oocyte is not fertilized, then luteolysis occurs 13-15 days after
ovulation, resulting regression of the CL and a rapid drop in progesterone concen-
trations. Although it is not known how luteolysis is initiated, it is facilitated by
an upregulation in oxytocin receptors in the endometrium between days 10 and
14 after ovulation [96, 191] and a contemporaneous increase in PTGS2 (COX2)
expression which allows PGF2α secretion from the endometrium, during the late
luteal phase [18]. When a pregnancy is desired and the mare is inseminated, the

Figure 1 – Levels of estrogen, follicle stimulating hormone (FSH), luteinizing hormone
(LH), progesterone and prostaglandin 2α (PGF2α) during the estrous cycle in the mare.
Day 0 of the cycle is characterized by ovulation (Ov). Figure from Brinsko et al. [41].
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Chapter 1 General Introduction

sperm enters the oviduct via the utero-tubal junction, and the oocyte is fertilized
in the ampulla. The first stages of embryo development occur in the ampulla of
the oviduct (2-cell, 4-cell, 8-cell, 16-cell, compact morula). At approximately day
6.5 after ovulation, and as a result of embryonic production of prostaglandin E2
[221], the embryo exits the ampulla, passes rapidly through the oviductal isthmus
and enters the uterine lumen at the late morula stage, enveloped by the zona pel-
lucida but yet to form a confluent blastocyst capsule. Very soon after arrival in
the uterus, the embryo develops a blastocyst capsule, completes development into
a blastocyst and begins to expand.

1.1.2 Maternal recognition of pregnancy

For a pregnancy to be established and maintained, the conceptus has to signal its
presence to the maternal organism to ensure changes in maternal, and in particu-
lar uterine, physiology required to support its continued growth and development;
this process is known as the maternal recognition of pregnancy (MRP; [184]).
During the period of pregnancy recognition, the most important change that the
conceptus must initiate, by secreting a biochemical signal(s), is the prevention of
luteolysis to ensure prolonged survival of the CL and thereby production of the
progesterone essential for priming the uterus to support continued survival of the
conceptus; in general, MRP is taken to refer to the process by which the con-
ceptus prolongs luteal survival. In primates, the primary MRP signal is chorionic
gonadotrophin (CG, [28]), in ruminants it is interferon-tau (IFNt, [28]), and in the
pig the primary MRP is estrogen [26]; in all cases, it is considered likely that there
are additional signals and/or pathways to help ensure CL survival, while the MRP
signal commonly plays additional roles in preparing the uterus for implantation.
In the horse however, the MRP signal(s) is unknown, and relatively little is un-
derstood about how prolonged exposure to progesterone and the presence of the
conceptus combine to stimulate the changes required to ensure adequate provision
of nutrients for the conceptus and the preparation for implantation [5, 82, 118].

On the other hand, events that take place during the presumed period of
MRP have begun to be unravelled in the horse. Prostaglandin-endoperoxidase
synthase 2 (PTGS2, also known as COX2) is the rate-limiting enzyme involved in
the production of PGF2α. Endometrial PTGS2 mRNA and protein levels increase
between days 13 and 16 after ovulation, allowing PGF2α to be released by the
endometrium in large pulses that stimulate the regression of the CL [36, 54]. In
the horse, this prostaglandin release is thought to be triggered and enhanced by
oxytocin, of both hypothalamic-pituitary [210] and endometrial [210] origin, with
endometrial oxytocin receptors [183] and PGF2α receptors [54] helping to complete
a positive feedback loop that serves to magnify the size of the PGF2α pulses. Dur-
ing pregnancy, there is a transient suppression of the PGF2α release pathway, as a
result of suppression of oxytocin receptor and PTGS2 up-regulation during days
10-14 of pregnancy, although expression of both does increase belatedly between
approximately days 18 and 21 of pregnancy. This suggests a delay in development,
rather than complete abolishment of the luteolytic pathway, to a time when other
aspects of the pathway are presumably absent (e.g. endometrial PGF2α receptors
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Chapter 1 General Introduction

[53]). Similarly, while intrauterine PGF2α concentration are lower on days 14 to
16 of pregnancy than of the oestrous cycle [210], they are no longer different af-
ter day 18 of pregnancy [195]. Since the presence of the conceptus reduces both
endometrial PGF2α release and release capacity during days 11-16 of pregnancy,
and oxytocin responsiveness is also reduced during early pregnancy [96, 97], as
characterized by reduced oxytocin binding capacity on day 14 of pregnancy [191],
it has been proposed that initial MRP signalling in the mare involves an absolute
suppression of oxytocin responsiveness and PGF2α synthesis capacity.

Continued mobility of the equine conceptus throughout the uterus is thought
to be essential to MRP, and it is proposed that migration allows the conceptus
to contact and transmit its MRP signal to the entire surface of the endometrium.
Indeed, when the mobility of the conceptus is restricted to a single horn of the
uterus by uterine ligation, luteolysis and pregnancy loss results [137].

Finally, the exact timing of the recognition of pregnancy is hard to pin-point
but it has been proposed that recognition of pregnancy should be initiated at
or around day 10 of pregnancy (the latest timepoint at which luteolysis can be
prevented by continuous oxytocin administration [196]), whereas suppression of
PTGS2 and OXTR expression is only detected from approximately day 11 of
pregnancy [96]. Klein and Troedsson [118] suggested that MRP is a continuum
of events and that the signaling process needs to be maintained until conceptus
movements cease with fixation at the base of a uterine horn on day 16-17 after
ovulation.

1.1.3 Specific events during equine pregnancy

After entering the uterine cavity, the conceptus develops an unusual, additional
acellular glycoprotein ‘coat’ between the trophoblast and the zona pellucida, the
so-called blastocyst capsule [33, 151]. The capsule is formed primarily of mucin-
like glycoproteins secreted initially by the trophectoderm and it increases in size
and weight between days 7 and 18 of pregnancy, before attenuating and beginning
to disintegrate at around day 21 [151]. The capsule is thought to protect the
delicate conceptus from mechanical damage during the period when it is propelled
around the uterine cavity by myometrial contractions, to maintain the spherical
shape of the conceptus, and also to act as a “mail box” to accumulate certain
molecules and proteins on its surface that can be used as a source of nutrients for
the conceptus and or in communication from dam to conceptus or vice versa [13,
103].

While the conceptus in the other large domestic species (cow, sheep and pig),
elongates markedly during the MRP period the horse conceptus maintains a dis-
crete spherical shape. The mobility of the conceptus between days 7 and 16 is
thought to be an alternative mechanism essential in allowing it to signal its pres-
ence to the sufficient uterine surface to ensure the prevention of luteolysis [94]. The
conceptus is propelled around the uterus by uterine contractions which are stimu-
lated by prostaglandins (PGs) released by the conceptus [197]. These movements
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Chapter 1 General Introduction

cease at around day 16 of pregnancy, probably because of the combination of an
increase in the diameter of the embryonic vesicle and a simultaneous increase in
uterine tone such that the conceptus becomes ‘fixed’ at the base of one of the uter-
ine horns [94]. Fixation of the conceptus occurs on day 16 or 17 of pregnancy, but
apposition and direct contact between the trophectoderm and endometrium can
only happen once the capsule begins to disintegrate [151]. This in part explains
why definitive implantation and placenta formation does not start until day 40
of pregnancy, when interdigitation between the trophoblast and the endometrial
epithelium can first be detected, leading to the formation of an epitheliochorial
placenta characterized by microcotyledons that significantly increase the area for
haematrophic exchange.

Although implantation occurs unusually late in the horse, the embryo proper
develops quite rapidly [1, 83]. From as early as day 10 after ovulation, the em-
bryonic disc can be detected as a darkened, thickened area in the membranes.
The critical step of gastrulation, the formation of the primitive streak at the cau-
dal pole of the embryonic disc and initiation of mesoderm formation, begins at
day 11-12 of pregnancy. The onset of neurulation is detected as early as day 13 of
pregnancy, with the formation of the neural groove, and, at around the same time,
blood islands appear in the yolk sac, and from day 16, become filled with nucle-
ated embryonic blood cells. As neurulation progresses, the first pairs of somites
become visible on each side of the neural tube at around day 15-16 (4-6 pairs)
and by day 17, 10 to 14 pairs of somites can be counted, the head and the heart
are visible, and the embryo undergoes flexion from day 18. The forelimbs and
the hind limbs appear at around day 24, and the lens and the optic vesicle can
be seen from day 26. By day 40, at the time of implantation, and soon after the
beginning of the fetal stage, the crown-rum length is approximately 23 mm, the
limbs are bent inwards, and the mouth, the ears and nose, brain structures and
liver are visible. In short, the horse embryo is extremely well developed at the
time of implantation.

1.1.4 The development of the conceptus membranes in
preparation for placentation

Almost coincident with its entry into the uterus, the embryo undergoes its first vis-
ible differentiation event yielding an inner cell mass (ICM) containing pluripotent
cells, and developing a blastocoele cavity surrounded by a single layer of ectoder-
mal cells known as the trophoblast or trophectoderm [94]. The ICM in the horse
appears to immediately differentiate again to give rise to the primitive endoderm
[45] that lines the blastocoele cavity to complete formation of the rudimentary
yolk-sac placenta, with the remaining epiblast cells developing into the embryonic
disc which will eventually yield the embryo proper, that will in turn develop into
the fetus and ultimately the foal. Between days 8-10, the primitive endoderm
expands to line the entire trophectoderm; with the bilaminar membrane forming
the primitive yolk sac placenta (YS) containing the YS fluid (Fig.2).

At around day 12 of pregnancy, the first mesoderm cells develop beneath the
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Figure 2 – Diagram of the equine conceptus between days 12 and 30 of pregnancy
representing the development of the conceptus membranes and the different sacs arising
from the embryo; adapted from Ginther [94].

embryonic disc, between the trophectoderm and the endoderm, and expand out-
wards from the embryonic disc to give rise to the trilaminar YS at the embryonic
pole, whereas the YS membrane at the abembryonic pole remains bilaminar [83].
From around day 16 of pregnancy, the amniotic folds of trophectoderm and avas-
cular mesoderm begin to extend up and around the embryo proper and from day
18-19 of pregnancy blood vessels start to develop in the trilaminar YS (embryonic
pole). The amniotic cavity results from the closure of the amniotic folds at around
day 20 and, from day 21, the allantois is visible as an outgrowth from the hind gut
of the embryo proper which expands to fuse with the chorion to form the allan-
tochorion (AC). The AC continues to develop and expand while the YS regresses
in such a way that the embryo proper appears to rise from one pole (antimesome-
trial) of the vesicle to the other (mesometrial). The AC cavity can be detected
ultrasonographically from day 23-24 of pregnancy. At the junction between the
YS and the AC, a band of avascular bilaminar chorion becomes visible, which
between days 28 and 35 develops into the chorionic girdle, a band of specialized
trophoblast cells [13]. Between days 36 and 38, these chorionic girdle cells detach
from the rest of the membranes, adhere to the endometrial epithelium and start
invading into the endometrium, where they become binucleate, sessile and cease
to invade further. This results in the formation of the temporary endocrine or-
gans known as the endometrial cups that secrete equine chorionic gonadotrophin
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(eCG). From day 40 of pregnancy, the non-invasive trophoblast and the mater-
nal luminal epithelium of the endometrium make stable microvillous attachment.
During the next 100 days, the two membranes at the interface interdigitate in-
creasingly intimately with secondary and tertiary branching of both the fetal villi
and the accommodating endometrial sulci, and become increasingly vascularized
(blood capillaries, veins, arteries) to form the microcotyledons, characteristic of
the mature equine placenta [6, 13].

Many pathways and genes are involved in placental development. One class
of genes in particular, the imprinted genes, play an essential role in regulating
fetal-placental development. They are expressed in a parent-of-origin manner,
such that only the maternal or the paternal allele of the gene is expressed, while
the other is silenced [165]. It is believed that genomic imprinting has evolved as
a result of the ‘conflict’ between the maternal and the paternal genomes with re-
spect to allocation of maternal resources to support fetal development, known as
the Kinship theory. In theory, paternally expressed genes (maternally imprinted
genes) promote conceptus growth by extracting additional nutrient resources from
the mother, while maternally expressed genes (paternally imprinted genes) tend
to restrict growth and to control resource allocation to each embryo and thereby
ensure the mother’s own well-being, survival and future fertility [72, 144]. In mice,
most of the imprinted genes are expressed in the placenta [166], and targeted mu-
tations, deletions or over-expression have been proven to influence placental devel-
opment and fetal weight [14, 47, 75, 165]. Recently, it was found that expression
of specific imprinted genes was correlated with parameters of human fetal growth.
IGF2, IGF2R and the ratio of IGF2:IGF2R are all correlated with crown-rump
length and birthweight, while PHLDA2 correlates negatively with placenta weight
at term, suggesting a role as a growth suppressor. GRB10 is negatively correlated
with head circumference, which fits with the hypothesis that GRB10 is a negative
regulator of growth [142]. Aberrant imprinting due to epigenetic disturbances or
an imbalance in gene expression could therefore affect placental development and
development of pregnancy, leading to low birth weight and fetal growth retarda-
tion, or overgrowth at birth [110]. For this reason, it is important to look at the
expression of placentally imprinted genes in conceptus membranes when studying
the impact of the maternal environment and, indeed the environment to which
the dam is exposed, on embryo development.

1.2 Interactions between the maternal environment and
the conceptus

1.2.1 Endometrial secretions - histotroph

The earliest stages of embryo development appear to require relatively modest
specific in vivo environmental conditions and producing embryos in vitro (follow-
ing in vitro fertilization, IVF, or intra-cytoplasmic injection, ICSI) has become a
standard technique in human and bovine clinical practice. However, from around
the blastocyst stage, the maternal micro-environment becomes more exacting and
increasingly essential for normal embryo development and growth. In cattle, elon-

7



main January 7, 2019 19:43 Page 8 �
�	

�
�	 �
�	

�
�	

Chapter 1 General Introduction

gation of the hatched blastocyst in vitro is very limited compared to the rapid
expansion that occurs under in vivo conditions [3, 40] moreover, in vivo elonga-
tion cannot occur in the absence of secretions from the uterine glands [99]. Equine
in vitro produced embryos do not produce a normal, confluent capsule between
the trophectoderm layer and the zona pellucida [204]. These results emphasize
the importance of the uterine environment in supporting events crucial for the
establishment of pregnancy and continued development of the conceptus. In ad-
dition, the horse has a non-invasive epitheliochorial placenta and unusually late
implantation, meaning that there is no direct contact between the trophoblast
and the maternal blood circulation, and limited capacity to uptake nutrients dur-
ing the first 40 days of gestation, such that equine pregnancy relies greatly on
histotrophic nutrition [44]. Not only do the endometrial glands continue to func-
tion throughout equine pregnancy, the pseudostratified trophoblast cells remain
in close contact with the glands and are adapted to take up the histotroph; this
augments fetal nutrient provision even when the haematrophic function of the
placenta is established [13].

Endometrial secretions required for embryonic or fetal nutrition are often re-
ferred to as histotroph, a complex mixture of ions, water, amino acids, carbohy-
drates, lipids and also non-nutrient molecules such as growth factors, cytokines,
hormones, and other peptides [25, 189]. Histotroph is synthesized by both the en-
dometrial glands and by luminal epithelial cells and secreted or transported into
the uterine cavity [24, 62]. The specific composition of histotroph in the horse is
not well described and it is hard to distinguish which elements are secreted by the
conceptus and which by the endometrium. In the first 3 weeks after ovulation,
the total amount of protein recovered is not very different between pregnant and
cycling pony mares, however, specific sets of proteins are secreted during preg-
nancy under the influence of P4 as reflected by the increase in acid phosphatase
activity that is linked to uteroferrin-like proteins [234]. Glucose levels are stable
between day 8 and 20 of pregnancy and the estrous cycle in the mare, but fruc-
tose which is undetectable in cycling mares increased rapidly during pregnancy
as do ascorbic acid and glucose-phosphatase isomerase (GPI) [235]. Recently, a
proteomic study revealed 119 differentially expressed proteins in the uterine fluids
of pregnant compare to cycling mares, on day 13 after ovulation [187].

Factors produced by the endometrium cannot all simply diffuse from the glan-
dular and luminal epithelial secretions of the endometrium across the plasma mem-
brane of the trophectodermal, endodermal and mesodermal cells of the conceptus
membranes. Therefore, specific transporters are expressed to assist the transport
of important nutrients such as glucose, fructose, amino acids and ions.

Amino acids (AA) and glucose are essential for conceptus development because
they are the building blocks for synthesizing the proteins that play a major role in
cellular functions necessary for conceptus development [30]. Glucose is the main
energy substrate required by the conceptus from approximately the blastocyst
stage and supports conceptus development [42]. Increases in the concentrations of
specific amino acids and glucose have been reported in the uterine fluids during
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early pregnancy in ruminants [89], whereas in the horse glucose concentrations are
similar and stable throughout and between the cycle and early pregnancy, although
fructose concentrations increase after day 15 of pregnancy [235]. Transporters that
support the transport of glucose and amino acids have been extensively studied in
man and ruminants, and altered fetal growth (growth restriction or overgrowth)
has been linked to impaired nutrient transporter expression [123, 163]. One of the
factors known to lead to nutrient transporter expression impairment is an aber-
rant maternal environment, characterized by abnormal concentrations of molecules
such as hormones and cytokines that can affect the placenta’s nutrient function
and subsequently compromise fetal growth.

Another essential component of the histotroph is a combination of growth
factors, which play an essential role in stimulating conceptus growth and de-
velopment. The growth factor milieu includes IGF1 and IGF2, which mediate
metabolic, mitogenic and differentiative actions via their receptors in the concep-
tus membranes [73]. Members of the IGF system are key players in fetal-placental
growth and deletion of various IGF system components affects fetal and/or pla-
cental weight [19]. While IGFs and their receptors can affect fetal growth directly,
IGF1 and IGF2 can also have an indirect action on the fetus by regulating amino
acid and glucose uptake by the placenta [73, 111]. Thus, IGFs are able to regulate
placental nutrient transport capacity, depending on nutrient demand by the fetus
[14].

Information on nutrient transport and expression of the transporters involved
during early equine pregnancy is lacking but could help us understand how nour-
ishment of the conceptus during the pre-implantation period is ensured and regu-
lated.

1.2.2 Hormonal regulation of endometrial secretions

The endometrium is composed of stromal cells, a luminal epithelium and epithe-
lium lined uterine glands. The latter are required for producing uterine secretions
[62]. Indeed, when the endometrial glands are absent in sheep and mice, although
embryo development is supported up to the blastocyst stage, further develop-
ment, implantation and placentation are arrested, leading to pregnancy loss [50,
99]. In this respect, progesterone secreted by the corpus luteum is essential for
the maintenance of the pregnancy because it stimulates the changes in the en-
dometrium necessary to make it ‘receptive’ to implantation and placentation and
thereby to support conceptus survival and development [28, 188, 189]. Removal
of progesterone from pregnant mares leads to pregnancy loss, but relatively rapid
reintroduction of that progesterone (within 3 days) can rescue the pregnancy [182].
in vivo experiments have shown that progesterone affects conceptus growth and
development primarily via its effects on endometrial function and secretion. An
earlier rise, or elevation, in progesterone concentrations during early pregnancy
results in larger conceptuses or earlier conceptus elongation in the cow and ewe
[132, 177, 189]. By contrast, reduced levels of progesterone during early pregnancy
delay conceptus development [68, 69].

9
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This can be explained by progesterone-mediated regulation of gene and protein
expression in the endometrium during both the estrous cycle and pregnancy [127];
not surprisingly, the endometrial transcriptomic profile is strongly affected by the
length of progesterone exposure in ruminants [66, 67, 177, 190]. Progesterone is
capable of regulating gene expression in the endometrium in a manner that mod-
ifies the composition of the uterine secretions, that establishes uterine receptivity
and thereby indirectly supports conceptus development [28, 132, 177, 188, 189].

The conceptus has to interact intimately with the maternal environment to first
signal its presence during the period of MRP, and second to regulate expression of
endometrial factors that support conceptus growth and development and prepare
both endometrium and conceptus for implantation [133, 176, 190]. In ruminants,
conceptus secreted IFNt is the primary pregnancy recognition signal and exerts
is antilueolytic effects primarily by inhibiting expression of estrogen and oxytocin
receptors in the endometrium to alter the pattern of PGF2α release (abolish the
large pulses). However, IFNt has a dual function and many genes expressed in
the ovine endometrium and initially induced by progesterone are further stimu-
lated by IFNt, these include a number of genes critical for conceptus nutrition
and implantation such as glucose transporters (SLC2A1, SLC2A12, SLC5A1 and
SLC5A11 ), amino acid transporter SLC7A2 and cell proliferation, migration and
attachment genes (IGFBP1, LGALS15, SPP1 ; [190]).

In the horse, the first known form of embryo-maternal communication takes
place in the oviduct. Only developing embryos are transported from the oviduct to
the uterus at around day 6.5 after ovulation, whereas unfertilized oocytes remain
trapped in the ampulla region of the oviduct. This selective transport is possible
because the horse embryo secretes prostaglandin E2 (PGE2) from around day
5 after ovulation [221], and PGE2 induces the smooth muscles of the oviductal
isthmus to relax leading to the dilation of the isthmus that allows the embryo to
pass through [199]. Once in the uterus, the equine conceptus continues to secrete
PGE2 and other prostaglandins, and also secretes estrogens [233] and many other
factors [200]. Smits et al. [187] recently reported 119 proteins to be differentially
abundant in the uterine luminal fluids of day 13 pregnant compared to cycling
mares, and genes/proteins expressed by the conceptus are known to be able to
interact with and regulate the transcriptome of the endometrium [117].

In ruminants, it is clear that the presence of a conceptus affects gene expression
in the endometrium, and this is also the case in the horse [120, 140]. However,
exactly how the horse conceptus modifies the uterine environment in preparation
for implantation is not well understood, and embryo-maternal interactions need
to be investigated further.

10
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1.3 Importance of a synchronous environment for normal
conceptus development

1.3.1 Embryo transfer models

In the sport horse industry, embryo transfer (ET) is a common clinical proce-
dure. Equine embryos produced in vitro (ICSI or cloning) or produced in vivo
(for example from mares still actively competing or from sub-fertile mares and
mares incapable of carrying a pregnancy to term) are transferred to a recipient
mare that will carry the pregnancy to term. Among the limitations of the equine
ET are that it is difficult to induce multiple ovulation and neither is it easy or
common practice to cryopreserve flushed embryos. Moreover, because the length
of oestrous varies greatly among mares, many recipient mares need to be available
to ensure that one is suitably synchronized whenever an embryo is flushed from a
donor. In this respect, it is generally considered that to achieve on optimal chance
of pregnancy, it is preferred to transfer a flushed horse embryo into a recipient
mare that ovulated between one day before and up to 3 days after the donor
mare. To achieve this synchrony, PGF2α and hCG are used strategically to induce
luteolysis and ovulation, respectively. PGF2α induces luteolysis of the CL within
approximately 24 hours which will initiate a new estrus. Once in estrus, the mares
are checked regularly by rectal palpation and ultrasonography until a follicle larger
than 35 mm in diameter has developed, at which hCG can be administrated to
induce ovulation within the next 48 h [194].

1.3.2 Negative effect of an asynchronous endometrium on
conceptus development

Communication and synchronization between the conceptus and the endometrium
are essential for implantation and the maintenance of pregnancy, this is illustrated
by results from asynchronous ET [127, 179]. When an embryo is transferred to
a recipient / uterus beyond the normal window of synchrony, the likelihood of
pregnancy is reduced and embryo development may be retarded or accelerated
according to the direction of asynchrony. In the cow and sheep, pregnancy rates
decreased markedly when an embryo was transferred to a uterine environment
asynchronous to embryo development by more than 2 days [20, 126, 132, 143, 158,
224].

The horse embryo is remarkable in being able tolerate a much larger degree
of asynchrony, extending from a recipient that ovulated approximately 2 days
before and up to approximately 6 days after the donor mare [108, 227]. However,
negative asynchrony (i.e. recipient ovulated after the donor) of 6 days or more
leads to a marked decrease in likelihood of successfully establishing pregnancy
[226]. Monitoring the development of pregnancy ultrasonographically revealed
that development of conceptuses placed in a uterus negatively asynchronous by
5 or more days were retarded, as evidenced by a delayed loss of the vesicle’s
spherical shape and later appearance of a heartbeat and allantoic cavity [227].
In this respect, the horse conceptus is not only unique in its ability to survive
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in an asynchronous environment, but also an excellent model of how the uterine
environment can regulate conceptus development.

The main parameter affected by asynchronous embryo transfer is the length
of progesterone priming to which the endometrium is exposed. In the case of
positive asynchrony, the uterus is exposed to progesterone for a longer period
of time, whereas in the case of negative asynchrony, the uterus is exposed to
progesterone for a shorter period of time than would be normal for the embryo
it receives. As descried earlier, progesterone is capable of regulating gene and
protein expression in the endometrium during the estrous cycle and pregnancy,
which in turn affects histotroph composition [66, 177, 190]. Progesterone is the
major regulator of endometrial secretion and histotroph composition and, in an
‘out of phase’ uterus, the conceptus is therefore not surrounded by the ‘correct’
composition or quantity of nutrients necessary for its ‘normal’ development and
survival. Compared to cattle and sheep, however, the horse conceptus seems to
be either less sensitive to an inadequate environment, or better able to adapt to
it.

1.4 General aim and scope of the thesis

In surveys carried out between 1982 and 2007, embryonic loss in the horse ranged
from 2.6 to 24 percent before day 60 of pregnancy [211]. There are many possible
causes of pregnancy loss including maternal-aged induced endometrial degenera-
tion, chromosomal abnormalities of the embryo and ascending uterine infections.
Another possible, but poorly understood, potential contributor to early pregnancy
loss is an inappropriate or inadequate uterine environment, and in particular inad-
equate histotroph composition as a result, for example, of inadequate progesterone
concentrations or response to progesterone that influences endometrial receptivity.
In addition, absence or overabundance of specific factors in the uterine fluids could
be deleterious to conceptus development and survival prior to implantation.

In the studies carried out for this thesis, we aimed to characterize the uter-
ine environment surrounding the horse conceptus in the pre-implantation period
and investigate communication between the conceptus and the uterus. To help
us discriminate the effects of progesterone and the embryo on endometrial func-
tion, an embryo transfer model was used to create asynchrony between conceptus
development and the duration of uterine exposure to progesterone. This was pos-
sible because equine embryos can tolerate a large window of asynchrony. More-
over, working with horse enabled us to follow the development of pregnancy by
ultrasonography during the entire pre-implantation period, and to collect con-
ceptuses and endometrial tissues non-surgically and without cross-contamination
(since there is no invasion or interdigitation); all of this causing minimal discomfort
to the mare.

In Chapter 2, the asynchronous embryo transfer model used in the rest of the
thesis is established and described. In this first study, we compared morphological
aspects of conceptus development between a synchronous and an asynchronous
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environment and, because they are among the most likely to suffer dysregula-
tion when an embryo is exposed to an abnormal environment, we investigated
the effects of asynchrony on the expression of imprinted genes in the conceptus
membranes.

In the following two chapters we focused on the expression of transporters
for nutrients critical to early pregnancy survival and development, namely the
amino acid transporters (Chapter 3) and glucose transporters (Chapter 4), in
both the endometrium and in the conceptus membranes during early pregnancy.
We further investigated the expression of these transporters in an asynchronous
environment to try to separate the respective contributions of progesterone and
conceptus presence or stage of development on endometrial function. In a similar
way, the insulin-like growth factor family was investigated during normal preg-
nancy and after asynchronous embryo transfer in Chapter 5.

Chapter 6 is a direct follow-up of chapter 2 and focuses on RNA-sequencing
of the transcriptome from the endometrium and conceptus membranes produced
using the asynchronous embryo transfer model to try to identify genes differentially
regulated as a direct result of embryo-maternal communication and progressing
to test the possible effect of two of the endometrial factors identified, namely
kininogen 1 and IGF binding protein 3.

Finally, in Chapter 7, we reflect on the results described in the previous
chapters to draw some more general conclusions about conceptus-maternal com-
munication during the pre-implantation period in the horse.
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CHAPTER 2
Negative uterine asynchrony

retards early equine conceptus
development and upregulation of

placental imprinted genes

Gibson C., De Ruijter-Villani M., Stout T.A.E.
Published in Placenta; 2017, DOI:10.1016/j.placenta.2017.07.007.
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Abstract

Introduction: Placental imprinted genes appear to be sensitive indicators
of an inappropriate pre-implantation environment. This study examined
the effects of negative uterine asynchrony after embryo transfer (ET) on
early horse embryo development, and yolk-sac membrane expression of DNA
methyltransferases (DNMTs) and equine specific placental imprinted genes.
Methods: Day 8 embryos were transferred to recipient mares on day 8
(synchronous) or day 3 (asynchronous) after ovulation, and conceptuses were
recovered 6 or 11 days later (day 14 or 19 of development).
Results: Day 14 conceptuses recovered from an asynchronous uterus had
a smaller embryonic disc, in which primitive streak development was visi-
bly retarded compared to conceptuses from a synchronous uterus. Similarly,
length, somite number and organogenesis were retarded in day 19 embryos
after asynchronous ET. Maternal (GRB10, H19, IGF2R, PHLDA2 ) and pa-
ternal (IGF2, INSR, PEG3, PEG10, DIO3, NDN, SNRPN ) imprinted genes
and DNMTs (DNMT1, 3A and 3B) were all up-regulated between day 14
and 19 of pregnancy and, for most, mRNA expression was higher in syn-
chronous than asynchronous day 19 yolk-sac membrane. The paternally
imprinted gene HAT1 increased between day 14 and 19 of pregnancy but
was not affected by the asynchrony.
Discussion: Conceptus development and upregulation of DNMTs and im-
printed genes were delayed rather than dysregulated after transfer into a
negatively asynchronous uterus. We propose that this ability to ‘reset’ con-
ceptus development to uterine stage is an adaptation that explains why horse
embryos are unusually tolerant of asynchrony after ET.
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2.1 Introduction

Early equine pregnancy is characterized by a long pre-implantation period of 36
days during which the conceptus migrates throughout the uterine cavity between
days 6.5 and 17 of pregnancy before fixating at the base of one of the uterine
horns [7, 33]. True implantation begins at day 36 of pregnancy, when specialized
trophoblast cells start invading the maternal endometrium [13]. In horse industry,
embryo transfer is a common practice and uses recipient mares which ovulated 1
day before to 3 days after the donor mare [198]. However, increasing the degree
of negative asynchrony could be beneficial in a commercial setup, requiring to use
less recipient mares [108].

Several studies in domestic animals have shown that conceptus-endometrial
asynchrony alters growth and development of the conceptus, with growth acceler-
ated in a more advanced uterus and retarded in a negatively asynchronous uterus;
these changes are associated with a higher incidence of early embryonic loss [126,
127, 162, 223]. One notable exception is the equine conceptus which, although
showing a significant retardation in development, can tolerate up to five days of
negative uterine asynchrony without a marked loss of viability [108, 227].

Progesterone secreted by the corpus luteum stimulates and maintains endome-
trial functions critical for conceptus growth and development [188]. The time
of onset, absolute concentration and duration of exposure of the uterus to pro-
gesterone seem to play causative roles in accelerating or decelerating conceptus
development, at least in the cow and sheep [66, 132, 177]. The exact mechanism
by which progesterone priming of the uterus controls conceptus growth is however
unclear, although it appears that lengthening the period of progesterone expo-
sure increases glucose and amino acid transport in ewes, which in turn stimulates
conceptus growth and development [179].

Imprinted genes have been proposed to act as nutrient sensors regulating pla-
cental growth and nutrient transport to the fetus, and consequently stimulating or
constraining fetal growth [14, 58, 74]. In general, imprinted genes are highly ex-
pressed in placental tissue [47, 166], in a parent-of-origin specific manner, and it is
believed that imprinting has evolved to regulate the ‘evolutionary conflict’ between
maternal and paternal interests with regard to the allocation of resources to the
developing embryo [165]. Indeed, paternally expressed genes generally enhance fe-
tal growth, whereas maternally expressed genes restrict it [144]. Moreover, recent
studies have shown that environmental factors can affect early embryo develop-
ment and expression of developmentally important and/or placentally imprinted
genes, presumably by epigenetic dysregulation [71, 113, 166]. Imprinted genes
may, therefore, be particularly sensitive to epigenetic alterations as a result of an
inappropriate or altered environment during early embryo development [113]. Re-
cently, Wang and co-workers [220] used donkey-horse hybrid conceptuses to verify
genes displaying parent-of-origin differential expression in early equine placenta,
and identified 15 ancient imprinted genes.
The large degree of asynchrony tolerated by the equine conceptus offers a unique
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model to study the possible involvement of dysregulated imprinted gene expression
in altered early conceptus development in an ‘out of phase’ uterine environment.
The current study therefore used embryo transfer to evaluate the effect of negative
uterine asynchrony on early embryo development and to examine whether altered
development was associated with changes in expression of DNA methyltransferases
and/or imprinted genes linked to placental growth and development.

2.2 Materials and methods

2.2.1 Animals

All animal procedures were approved by Utrecht University’s Animal Experimen-
tation Committee (permit number 2012.III.02.020). A total of 22 warmblood
mares, aged between 4 and 15 years of age, were managed at pasture with ad
libitum access to grass and water. During oestrus, mares were monitored by tran-
srectal ultrasonography (MyLab30 ultrasound machine equipped with a 7.5 MHz
linear transducer; Esoate, Maastricht, The Netherlands) [56]. When the domi-
nant follicle exceeded 35 mm in diameter, donor mares were inseminated with a
minimum of 500 x 106 sperm cells from a single fertile stallion; insemination was
repeated every second day until ovulation was detected. In order to obtain the
correct degree of synchrony or asynchrony, all mares (donors and recipients) were
treated with a PGF2α analogue (37.5 µg D-cloprostenol; Genestranvet: Eurovet
Animal Health B.V., Bladel, The Netherlands) to induce luteolysis and human
chorionic gonadotrophin to ensure the desired timing of ovulation (hCG; 1500 i.u.
Chorulon: Intervet, Boxmeer, The Netherlands).

2.2.2 Embryo collection and embryo transfer

On day 8 after ovulation, embryos were recovered from donor mares by uterine
lavage, as described previously [194]. Recovered embryos were washed in holding
medium (Syngro; Bioniche Animal Health, Pullman, WA, USA) and their diameter
was measured using a stereomicroscope (Olympus SZ-ST; Olympus, Tokyo, Japan)
equipped with an eye-piece micrometre. Only grade 1-2 embryos [138] were used
for embryo transfer (ET). In order to produce the desired 20 pregnancies, a total
of 26 day 8 embryos were transferred, as previously described [194], to recipient
mares that had either ovulated on the same day as the donor (synchronous; n
= 13), or 5 days after the donor mare (asynchronous; n = 13, Fig.1). Transfer
to synchronous mares resulted in 10 pregnancies out of 13 transfers (76%); 12
mares out of 13 were pregnant after asynchronous embryo transfer (92%) but 2
conceptuses were lost during collection.

2.2.3 Conceptus and endometrium collection

Before recovery, embryonic vesicles were measured in 2 perpendicular directions
by transrectal ultrasonography. Day 14 conceptuses were recovered 6 days after
ET by uterine lavage via a sterile endotracheal tube with an internal diameter
of 19mm [195]. Day 19 conceptuses were recovered 11 days after ET using an
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Figure 1 – Equine asynchronous embryo transfer model. Recipient mares ovulated on
the same day (synchronous) or 5 days later (asynchronous) than the donor mare. Day
8 embryos were transferred to recipient mares and subsequently recovered 6 or 11 days
after embryo transfer (Day 14 or 19 of conceptus development). Endometrial stage is
determined by the ovulation date of the recipient mare (Ov: ovulation; ET: embryo
transfer).

endoscopically-guided net, after puncture of the membranes and aspiration of the
yolk-sac fluid with a sharpened PTFE catheter [56]. Conceptuses were washed in
large amounts of 0.9% NaCl. Under a stereomicroscope, the capsule was removed
and the embryonic disc region or embryonic body were dissected from the concep-
tus membranes using microsurgical scissors. On day 14, the remaining conceptuses
membranes consisted of bilaminar yolk-sac (endoderm and trophectoderm). For
day 19 conceptuses, in which extra-embryonic mesoderm has extended out such
that part of the yolk-sac membranes are trilaminar, it was often difficult to defini-
tively distinguish between bilaminar and trilaminar yolk-sac membranes using a
dissecting microscope; for this reason, all extra-embryonic membranes were stored
together. Yolk-sac membranes were snap frozen in liquid nitrogen and stored at
-80°C.

2.2.4 Microscopic analysis of conceptus development

After dissection, the embryo proper was examined under the stereomicroscope
(magnification of x30). The embryonic disc of day 14 conceptuses was measured,
the area calculated and the developmental stage of the primitive streak was noted.
For day 19 conceptuses, the embryo’s length was measured, the number of pairs
of somites counted and flexion of the embryo, development of the neural tube and
a primitive heart structure, and membrane vascularity were recorded.
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2.2.5 RNA extraction and cDNA synthesis

Total RNA was extracted using the AllPrep DNA/RNA/Protein Mini kit (Qiagen,
Venlo, The Netherlands). Yolk-sac membranes (30 mg) were homogenized in 600
µl lysis buffer and total RNA was eluted with 40 µl RNase-free water, after which
RNA concentration and integrity were measured as previously described [56]. Re-
verse transcription was performed using Superscript III (Invitrogen) as previously
described [56], in a total volume of 20 µl made up of 10 µl of sample containing
1000 ng of RNA which was treated with DNAse I (30 min at 37°C followed by 10
min at 65°C; 1 IU/µg of RNA; RNAse-Free DNase set, Qiagen).

2.2.6 Quantitative RT-PCR

The qRT-PCR protocol was described previously (de Ruijter-Villani et al., 2013).
Primers were produced at Eurogentec (Seraing, Belgium) and specificity was tested
by DNA sequencing (ABI PRISM 310 Genetic analyzer; Applied Bio-system, Fos-
ter City, CA). Real-time PCR was carried out in 15 µl of reaction mix including
7.5 µl of IQ SYBR® Green Supermix (BioRad), 0.5 mM of primer (forward and
reverse; Supp. table 1), and 1 µl of cDNA, on an IQ5 Real-Time PCR detection
System (BioRad; Veenendaal, The Netherlands). Cycle conditions were; denat-
uration for 3 min at 95°C, followed by 40 cycles of amplification (15 s at 95°C,
30 s at primer specific annealing temperature and 30 s at 72°C). For each gene, a
melting curve and standard curve were performed to verify product specificity and
enable expression quantification. Relative gene expression was expressed as the
ratio of target gene expression to the geometric mean of three housekeeping genes
(GAPDH, HPRT1 and SRP14 ), selected after stability evaluation using GeNorm
[212].

2.2.7 Statistical analysis

All data were analyzed using SPPS Statistics 20 for Windows (SPSS Inc., Chicago,
IL). Normally distributed QRT-PCR datasets were obtained by logarithmic trans-
formation. A two-way ANOVA was performed to examine the impact of stage of
pregnancy and synchrony of ET; when a significant effect was found, independent
T-tests were used to further examine the source. One-way ANOVA was performed
to compare embryo development at a given stage. Statistical significance was set
at P <0.05.

2.3 Results

2.3.1 Conceptus development

Ultrasonography

At day 14 of development, asynchronous conceptus vesicles had a smaller diameter
(mean ± SEM) than synchronous conceptuses (11.3 ± 0.6 mm vs. 18.2 ± 1.1 mm;
P <0.005). Vesicle diameter increased from day 14-19 of conceptus age in both
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Figure 2 – Development of horse embryos on day 14 (ET+6), following asynchronous (-5
days) or synchronous embryo transfer on day 8. Microscopic appearance of the embryonic
disc after asynchronous (A) or synchronous (B) embryo transfer. The arrow indicates the
primitive streak. (C) Mean (± s.e.m) area of the embryonic disc of day 14 embryos from
asynchronous (black bars) or synchronous (grey bars) embryo transfer (**: P <0.001,
n=5).

synchronous and asynchronous groups (P <0.005), but was no longer significantly
different between the groups at day 19 (26.5 ± 2.2 mm vs. 30.8 ± 2.2 mm).

Day 14 conceptuses (6 days post ET)

Although all conceptuses had developed an embryonic disc by day 14 (10/10),
only the synchronous conceptuses exhibited a visible primitive streak (sync: 5/5
vs. asyn: 0/5; Fig.2A-B). Moreover, the embryonic disc area was smaller in the
asynchronous group (0.48 ± 0.08 mm2) than the synchronous group (1.57 ± 0.08
mm2; P <0.001: Fig.2C).
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Figure 3 – Development of horse embryos on day 19 (ET+11), following asynchronous
(-5 days) or synchronous embryo transfer on day 8. Microscopic appearance of the
embryo proper after asynchronous (A) or synchronous (B) embryo transfer. b = brain:
h = heart: nf = neural fold: ng = neural groove: v = vascularization. (C) The mean
(± s.e.m) length (left) and number of somites (right) of day 19 embryos resulting from
asynchronous (black bars) or synchronous (grey bars) embryo transfer (** P <0.001,
n=5).

Day 19 conceptuses (11 days post ET)

By day 19, all of the embryos had undergone neurulation (10/10); however, the
process was not as advanced in the asynchronous group (Fig.3A-B) in which the
neural folds delimiting the neural groove had formed, but only just started to fuse
from the embryo’s mid-point (5/5; Fig.3A). By contrast, synchronous embryos had
a fully formed neural tube with a closed cranial neuropore, and had undergone
flexure (5/5 compared to 0/5 for asynchronous embryos). Only embryos from the
synchronous group displayed a primitive heart, brain structures and vascularized
(trilaminar) conceptus membranes (extra-embryonic mesoderm; 5/5 versus 0/5;
Fig.3B). The length of the embryonic body in the asynchronous group was half of
that in the synchronous group (2.55 ± 0.19 mm vs. 5.05 ± 0.23 mm; P <0.001:
Fig.3C) and, while somites were visible in both groups, the number of somite
pairs was significantly reduced in the asynchronous compared to the synchronous
embryos (7.5 ± 1.2 vs. 21.7 ± 0.3; P <0.001:Fig.3C).

2.3.2 qRT-PCR

Expression of paternally expressed genes

There was no single common pattern for the effects of conceptus age and embryo-
uterus synchrony on the expression of paternally expressed genes in yolk-sac mem-
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Figure 4 – Relative gene expression (mean ± s.e.m) for paternally expressed genes in
equine yolk-sac membranes at days 14 and 19 of conceptus development, after asyn-
chronous (- 5 days: black bars) or synchronous (grey bars) embryo transfer. Significant
differences (P <0.05) between conditions (synchronous versus asynchronous) within a
pregnancy stage are depicted by different superscripts (a, b) whereas between pregnancy
stage differences are indicated by an asterisk (*).

branes. However, for the majority of paternally expressed genes (DIO3, IGF2,
INSR, PEG3, PEG10, NDN, SNRPN : P <0.05: Fig.4), gene expression increased
with the stage of embryo development (i.e. was higher at day 19 than 14). One
gene, HAT1, was not affected by the stage of embryo development, but was more
highly expressed in synchronous than asynchronous pregnancies at both days 14
and 19 (P <0.05). Expression of IGF2, INSR, PEG3 and PEG10 mRNA was
higher in synchronous than asynchronous conceptuses at day 19 (P <0.05) and,
for IGF2, PEG3 and PEG10 there was also a combined effect of pregnancy stage
and synchrony status (P <0.005). For DIO3, NDN and SNRPN there was no
difference in expression between synchronous and asynchronous pregnancies.

Expression of maternally expressed genes

All of the maternally expressed genes examined (GBR10, H19, IGF2R and
PHLDA2 ) showed an increase in yolk-sac mRNA transcript abundance between
days 14 and 19 of development (P <0.05: Fig.5), although for IGF2R the difference
only reached statistical significance for the synchronous conceptuses. Expression
of GRB10 was not affected by embryo-uterine synchrony, whereas expression of
H19 and PHLDA2 was higher in the synchronous group at day 19 (P <0.05).
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Figure 5 – Relative gene expression (mean ± s.e.m) for maternally expressed genes in
equine yolk-sac membranes at day 14 and 19 of conceptus age, after asynchronous (-5
days: black bars) or synchronous (grey bars) embryo transfer. Significant differences (P
<0.05) between conditions (synchronous versus asynchronous) within a pregnancy stage
are depicted by different superscripts (a, b) whereas between pregnancy stage differences
are indicated by an asterisk (*).

Expression of DNMTs

The expression of DNMT1, DNMT3A and DNMT3B was affected by stage of
conceptus age for synchronous conceptuses only (P <0.05: Fig. 6). In all cases,
expression increased between day 14 and day 19; moreover, on day 19 but not day
14, mRNA levels were significantly higher in synchronous than in asynchronous
conceptuses (P <0.05).

2.4 Discussion

As in previous studies, early equine embryos transferred to a severely negatively
asynchronous uterus were able to adapt and survive without an obvious reduction
in their viability, in as much as they were able to establish pregnancy albeit with
an obvious retardation in the rate of development [108, 226, 227]. Moreover, the
delay in development was detectable at the level of the transcriptome in that
expression of imprinted genes and DNMTs in yolk-sac membrane of conceptuses
recovered from an asynchronous uterus was altered, in most cases this involved a
reduction presumed to result from delayed upregulation.
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Figure 6 – Relative gene expression (mean ± s.e.m) for selected DNMTs in equine
yolk-sac membranes at day 14 and 19 of conceptus age, after asynchronous (-5 days:
black bars) or synchronous (grey bars) embryo transfer (ET+6 and ET+9). Significant
differences (P <0.05) between conditions (synchronous versus asynchronous) within a
pregnancy stage are depicted by different superscripts (a, b) whereas between pregnancy
stage differences are indicated by an asterisk (*).

The delayed development of asynchronous conceptuses was quantifiable by ul-
trasonography as a reduced diameter of the embryonic vesicle on day 14 of concep-
tus age. By day 19, vesicle diameter was no longer statistically different, in part
because of intra-group variability, but also because this is the period (days 17-
27) in which the vesicle loses its perfectly spherical shape and enters the ‘plateau
phase’, when it ceases to show a marked day-to-day increase in diameter [94].
Nevertheless, the reduced diameters observed by ultrasonography paralleled the
developmental delay of approximately four days reported by Wilsher et al [227]
after conceptuses were transferred to a six day negatively asynchronous uterus. In
the current study, asynchronous embryos also underwent a delay in the processes
of gastrulation, neurulation and organogenesis. In horse conceptuses, the embry-
onic disc is first visible on day 10 of gestation, with the primitive streak arising at
the posterior pole of the embryonic disc on day 11-12 and advancing to reach the
anterior pole by day 14 [83, 218]. Here, day 14 synchronous conceptuses presented
a primitive streak extending towards the anterior pole of the embryonic disc, as
expected for this developmental stage, whereas asynchronous conceptuses had yet
to develop a visible primitive streak and more closely resembled ‘normal’ day 11
conceptuses [83, 218]. Day 19 synchronous embryos had undergone flexure, con-
tained an average of 21 pairs of somites bordering a closed neural tube, and had
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a heart and vascularized extra-embryonic membranes, as anticipated for day 19
embryos [1, 83, 94, 218]. By contrast, asynchronous embryos displayed an average
of only 7 pairs of somites alongside neural folds that were still fusing at the mid-
point, and had neither a discernible head nor heart structures, thus resembling
a 16 day embryo from a normal pregnancy [83, 94, 218]. Overall, transfer of an
embryo to a recipient mare that was 5 days negatively asynchronous resulted in a
developmental retardation of approximately 3 days.

The imprinted genes studied here are all expressed in mouse or horse pla-
centa; in mice GRB10, H19, IGF2R, PHLDA2, IGF2, PEG3 and PEG10 are all
considered essential for placenta function and fetal growth because gene knock-
out resulted either in fetal and placental overgrowth or restriction [14, 47, 74].
The genes DIO3, NDN, SNRPN, HAT1 and INSR all encode for proteins reg-
ulating DNA or RNA processing, or cell metabolism, and have therefore also
been proposed to affect placenta and fetal development [47, 56, 220]. Similar to
other species with delayed implantation (e.g. cattle and sheep), a marked up-
regulation in the expression of the selected imprinted genes in equine yolk-sac
membranes occurred in the period soon after blastocyst formation, namely days
14 and 19 [109, 203]. By day 19, both bilaminar and trilaminar yolk-sac are
present as the extra-embryonic mesoderm extends outwards, which presumably
contributed to the changes observed in gene expression ascribed to development
i.e. day 14 membranes were largely bilaminar while later membranes would have
a higher proportion of more developed trilaminar membrane. In ruminants, a
comparable up-regulation takes place just before trophoblast interdigitation with
the endometrium [203] and, while some imprinted genes are expressed earlier in
development in ruminants and pigs (namely the blastocyst stage), monoallelic ex-
pression doesn’t occur until the time of trophoblast apposition and adhesion to
the endometrial epithelium [154, 203, 207]. Although we didn’t investigate the
precise timing, by analogy to other species we speculate that monoallelic expres-
sion of imprinted genes in equine yolk-sac membrane is delayed until implantation
is initiated by the disintegration of the embryonic capsule (days 21-23 of preg-
nancy) [34, 226]. Certainly, by day 33, imprinted genes display a parent-of-origin
monoallelic expression in equine trophoblast [220].

As suggested above, the increase in expression of imprinted genes observed from
day 14 to day 19 in conceptus membranes is likely to be a normal developmental
stage involved in preparing the trophoblast for implantation and formation of a
definitive placenta. Moreover, most of the imprinted genes studied, independent
of their imprinting status (maternal or paternal), suffered delayed up-regulation in
conceptuses transferred to an asynchronous environment, which may simply reflect
developmental retardation. On the other hand, imprinted genes are known to be
susceptible to epigenetic modification in response to environmental perturbations
during early pregnancy [71, 113, 166]. To examine whether there was any rationale
to suspect epigenetic alteration, we also examined expression of DNA methyltrans-
ferase genes, which regulate gene function by maintaining genome methylation
(DNMT1 ) or establishing de novo methylations (DNMT3a and DNMT3b) (Reik,
2007). As observed for many of the imprinted genes, DNMT1, DNMT3a and
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DNMT3b all showed lower expression in day 19 asynchronous conceptuses; we
therefore conclude that it is unlikely that the reduced expression of imprinted
genes observed in asynchronous conceptuses is caused primarily by silencing of
imprinted genes by DNA methylation.

Thus, the reduced expression of the imprinted genes and the DNMTs in con-
ceptuses exposed to an asynchronous uterus is more likely to be a factor of the
delayed conceptus development, i.e. the reduction in gene expression is a conse-
quence, rather than a cause, of retarded conceptus development. Other mecha-
nisms, driven primarily by the maternal endometrium are therefore likely to be
responsible for the delay in conceptus development. Indeed, the major differ-
ence between the synchronous and the asynchronous condition is the duration
of exposure of the endometrium to progesterone by the time of embryo transfer.
Progesterone stimulates and maintains uterine endometrial function necessary for
conceptus growth and development [188], and available data suggests that proges-
terone affects conceptus development indirectly by altering endometrial gene ex-
pression, resulting in changes in histotroph composition [66, 68, 177]. In cattle and
sheep, early exposure to progesterone accelerates embryo development, whereas
reduced concentrations of progesterone during the early luteal phase retards the
development of cattle embryos [66, 68, 132, 177]. Overall, the results of the cur-
rent study suggest that the horse conceptus can sense endometrial stage (perhaps
via changes in histotroph composition, although this remains to be proven) and
adapt its development appropriately, in this case slowing down to wait for optimal
uterine conditions. This phenomenon could be a less extreme form of the changes
that underlie embryonic diapause in some species of mouse, deer, bear and seal,
the mechanisms of which have been proposed to be evolutionarily conserved in
the blastocysts of domestic species that do not normally undergo diapause, e.g.
the sheep [159]; to confirm this suspicion, specific markers for embryonic diapause
need to be analyzed.

In conclusion, an asynchronous uterine environment delays equine conceptus
development at the gene, cell, tissue and whole conceptus level. However, it ap-
pears that the conceptus can adapt to its asynchronous environment and, after a
suitable delay, return to a normal developmental trajectory. Since embryos from
many species may conserve the ability to undergo developmental delay but do not
survive uterine asynchrony, it is tempting to speculate that the horse uterus has
a greater ability to maintain embryo viability while the latter waits for endome-
trial conditions to ‘catch up’, than the uterus of most other domestic species. In
this respect, the horse appears to be an interesting animal to study the effects
of maternal uterine regulation of embryo and placental development. Although
expression of imprinted genes was altered by an asynchronous environment and
conceptus development was delayed, negative asynchronous embryo transfer does
not appear to compromise either the establishment of pregnancy or, other than a
delay roughly corresponfing with the delayed developmnet, the expression of pla-
cental imprinted genes and DNMTs. We cannot, however, rule out the possibility
that an asynchronous maternal environment does alter aspects of epigenetic pro-
gramming in a way that may affect embryonic or fetal and placental development
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later in pregnancy, or indeed offspring health and development postnatally.
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Abstract

Introduction: Maternally-derived amino acids (AA) are essential for early
conceptus development, and specific transporters enhance histotrophic AA
content during early ruminant pregnancy. We investigated AA transporter
expression in early equine conceptuses and endometrium, during normal
pregnancy and after induction of embryo-uterus asynchrony.
Methods:‘Normal’ conceptuses and endometrium were recovered on Days
7, 14, 21 and 28 after ovulation. To investigate asynchrony, Day 8 embryos
were transferred to recipient mares on Day 8 or Day 3, and conceptuses were
recovered 6 or 11 days later.
Results: Endometrial expression of AA transporters SLC38A2, SLC1A4
and SLC1A5 increased during early pregnancy whereas SLC7A8, SLC43A2
and SLC7A1 expression decreased, and SLC1A1 and SLC7A2 were un-
affected. In conceptus membranes, most transporters studied were up-
regulated, either after day 14 (SLC7A5, SLC38A2, SLC1A4, SLC1A5 and
SLC7A1 ) or day 21 (SLC43A2 and SLC7A2 ). Asynchronous ET indicated
that endometrial SLC1A5, SLC1A1 and SLC7A8 are primarily regulated
by conceptus factors and/or longer exposure to progesterone.
Discussion:In conclusion, AA transporters are expressed in early equine
conceptus membranes and endometrium in specific spatio-temporal pat-
terns. Since conceptuses express a wider range of transporters than the
endometrium, we speculate that the equine yolk-sac has recruited AA trans-
porters to ensure adequate nutrient provision during an unusually long pre-
implantation period.
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3.1 Introduction

The pre-implantation period in horses is unusually long, with placental inter-
digitation not starting until day 40-42 of pregnancy [7, 8], and is characterized
by a high incidence of pregnancy failure (5-23%; [145]). During this period,
conceptus-endometrium communication coordinates mechanisms that control ma-
ternal recognition of pregnancy and corpus luteum (CL) maintenance, and growth
and development of the conceptus (yolk sac (YS) expansion, electrolyte and fluid
accumulation, blastocyst capsule growth and subsequent dissolution, gastrulation,
neurulation and early organogenesis) and of the conceptus membranes (vascular-
ization, chorioallantois development) in preparation for implantation [7, 43, 83,
151, 199, 216]. Prior to placental interdigitation, the equine conceptus relies en-
tirely on histotroph for nutrient provision [27, 226]. In sheep, human and mouse,
the ability to transport and/or secrete nutrients from the endometrial luminal and
glandular epithelia to the uterine cavity is regulated both by progesterone pro-
duced by the CL and by conceptus secretions [62]. Deficiencies in the histotroph
during the pre-implantation period, for example due to chronic endometrial de-
generation, have been proposed as an important contributor to pregnancy loss in
aged mares [12, 145].

Amino acids (AAs) are present in the histotroph and play a major role in con-
ceptus development, because they are essential for protein synthesis and cellular
functions [30, 107, 135, 209]. Non-essential AA supplementation during mouse
embryo culture increases the likelihood of blastocyst formation, and of implanta-
tion after embryo transfer (ET; [209]). In addition, essential AAs promote cell
growth and division in the mouse blastocyst’s inner cell mass, and are involved
in critical signaling pathways, such as the activation of mammalian target of ra-
pamycin (mTOR, serine-threonine kinase; [135]). In the cow, sheep and pig, total
AA content in the uterine fluid increases significantly during early pregnancy [30,
70, 89].

In the endometrium and conceptus membranes, AA transit is mediated by
transporters classified into systems on the basis of both their sodium dependency
(Table 1), and their preference for neutral, anionic or cationic substrates [21,
87, 88, 141]. Systems A, ASC and L preferably transport neutral AAs, systems
ASC and XAG- mainly transport anionic AAs, whereas the y+ system is used for
cationic AAs. The sodium-dependent system A transports mainly small neutral
AAs (Ala, Gly) via one main transporter, SNAT2, encoded by the solute carrier
(SLC) gene SLC38A2 [46, 88, 100, 164]. The L system, which consists of three
isoforms, LAT1, LAT2 and LAT4 (encoded by SLC7A5, SLC7A8 and SLC43A2 ),
has a high affinity for leucine and other branched chain AAs [30, 46, 88, 100,
123, 164]. The sodium-dependent ASC system transports neutral AAs (Ala, Ser,
Cys), and some anionic AAs (Asp, Glu), and consists of two members, ASCT-1
and ASCT-2 (SLC1A4, SLC1A5 ; [30, 46, 88, 100, 164]). The XAG- system is
the main transport system for anionic AAs (Asp, Glu) in the placenta, and one
of the associated proteins is EAAT3 (SLC1A1 ; [21, 30, 46, 100]). Finally, the
major system for cationic AA transport is the y+ passive system, which comprises
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three transporters CAT1, CAT2 and CAT3 (SLC7A1, SLC7A2 and SLC7A3 ;
[21, 46, 88, 100]). Although more than 20 AA transporters have been described
in the endometrium and placenta of women and domestic species (cow, sheep,
pig; [70, 87, 88, 100, 123, 135, 164, 209]), little is known about AA transport
during the equine pre-implantation period. Therefore, the aim of the present study
was to investigate the expression and localization of specific AA transporters in
equine endometrium and conceptus membranes, during the oestrous cycle and
early pregnancy. Moreover, since equine embryos possess the unique ability to
tolerate a large degree of negative uterine asynchrony without a marked loss of
viability, we used an asynchronous ET model to shorten the period of preparatory
endometrial progesterone exposure and thereby determine whether the resulting
delayed conceptus development was associated with a reduction in the expression
of specific AA transporters.

Table 1 – Selected amino acid transporter systems. Ala: alanine; Gly: glycine; Gln:
glutamine; Pro: proline; Ser: serine; Cys: cysteine; Leu: leucine; Ile: isoleucine; Val:
valine; Met: methionine; Phe: phenylalanine; Trp: tryptophane; Tyr: tyrosine; Asp:
aspartate; Glu: glutamate; Arg: arginine; His: histidine; Lys: lysine. Selection based on
previous studies [30, 70, 88, 100, 141, 164].
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3.2 Material and Methods

3.2.1 Animals

All animal procedures were approved by Utrecht University’s Animal Experimen-
tation Committee (permit numbers 2007.III.02.036 and 2012.III.02.020). The ma-
terial used for this study was collected and used for two previous studies from 18
(experiment 1: [55]) and 22 (experiment 2: [91]) warmblood mares, aged between
4 and 15 years, and maintained on pasture with ad libitum access to grass, hay and
water. As described in the previous studies, the oestrous cycles of the mares were
monitored by transrectal palpation and ultrasonography using a scanner equipped
with a 7.5-MHz linear transducer (MyLab30Vet; Esaote). Mares were examined
three times a week during early oestrus and daily, once the dominant follicle ex-
ceeded 30 mm in diameter. When a pregnancy was required, and the dominant
follicle exceeded 35 mm, mares were inseminated with a minimum of 500 x 106
sperm cells from a single fertile stallion; insemination was repeated every second
day until ovulation was observed. Non-pregnant mares used as recipients for ET
or for endometrium collection were monitored similarly until ovulation, but were
not inseminated. For the embryo-transfer (ET) experiments, to ensure the desired
degree of synchrony or asynchrony between the donor and recipient mares, all
cycles were manipulated by hormone administration to induce luteolysis (PGF2α
analogue) and ovulation (human chorionic gonadotropin) as described by Gibson
et al. [91]. Pregnancy status and conceptus development were monitored by tran-
srectal ultrasonography during Days 14 - 28 of pregnancy, or on Day 7 by recovery
of a blastocyst by uterine lavage.

3.2.2 Experimental design and tissue collection

Experiment 1 examined temporal of AA transporter mRNA and temporal and
spatial expression of protein in equine conceptus membranes and endometrium
during early pregnancy and the oestrous cycle. Conceptuses were recovered 14,
21 or 28 days after ovulation (n=4 per group) using an endoscopically guided
net after puncture of the membrane and aspiration of the embryonic fluids, as
described by de Ruijter-Villani [55]. Endometrial biopsies were harvested at the
base of one uterine horn in cyclic mares on Day 7, 14 and 21 post-ovulation,
and in pregnant mares on Day 7 and 14 of pregnancy (before conceptus fixation;
n=4 per group). On Day 21 and 28 of pregnancy (after conceptus fixation),
endometrial biopsies were harvested at the site of conceptus apposition. Recovered
conceptuses and endometrial biopsies were washed in large volumes of 0.9% NaCl.
Using a stereomicroscope (Olympus SZ-ST; Olympus), the embryonic disc region
(Day 14) or embryonic body (Day 21 and 28) were dissected from the conceptus
membranes, and the YS and allantochorion (AC) were further separated in Day
28 conceptuses, as described previously [55].

Experiment 2 investigated the effects of a shortened exposure of the
endometrium to endogenous progesterone (by negatively asynchronous ET) on the
abundance and distribution of AA transporters in equine endometrium and con-
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ceptus membranes. The tissues collected and used for experiment 2 were derived
from a previous study [91]. On Day 8 after ovulation, blastocysts were collected
from donor mares by uterine lavage, as described by Gibson et al. [91]. Twenty
Day 8 embryos were transferred to recipient mares that either ovulated on the
same day as the donor mare (synchronous, n=10 per group) or 5 days after the
donor (negatively asynchronous, n=10 per group). Conceptuses were recovered
on Day 14 or 19 of conceptus development. Day 14 conceptuses were collected
6 days after ET by uterine lavage using a sterile endotracheal tube (n=5 syn-
chronous conceptuses; n=5 asynchronous conceptuses). Day 19 conceptuses were
recovered 11 days after ET using an endoscopically guided net after puncture of
the membrane and aspiration of the YS fluids (n=5 synchronous conceptuses; n=5
asynchronous conceptuses). Following conceptus recovery, an endometrial biopsy
was collected using alligator forceps (141965; Jørgen Kruuse). On Day 14 of con-
ceptus development, biopsies were recovered at the base of one uterine horn, and
on Day 19 at the site of conceptus apposition (n=5 per group). Conceptuses and
endometrial biopsies were washed in large volumes of 0.9% NaCl. Under a stere-
omicroscope, the embryonic disc region (Day 14) or embryonic body (day 19) were
dissected from the YS sac membranes. The Day 14 YS membrane was comprised
of trophectoderm and endoderm cells, while intervening mesoderm was evident as
a thickening of the trilaminar part of the Day 19 YS. All tissues were cut into two
pieces; one was snap-frozen in liquid nitrogen and stored at -80°C prior to RNA
extraction, and the other piece was fixed overnight in paraformaldehyde and then
embedded in paraffin for immunohistochemistry.

3.2.3 RNA extraction and cDNA synthesis

Total RNA was isolated using the AllPrep DNA/RNA/Protein Mini kit (Qiagen),
following the manufacturer’s instructions. Thirty milligrams of endometrium or
conceptus membranes was homogenized in 600 µl of lysis buffer and total RNA
was eluted with 40 µl of RNAse-free water. Total RNA quantity and quality
was determined by spectrometry (NanoDrop ND 1000; Isogen Life Sciences) and
using an Agilent BioAnalyzer 2100 (Agilent, Palo Alto, CA) with a RNA 6000
Nano Chip, according to the manufacturers’ instructions. Total RNA (1 µg) was
treated with DNAseI for 30 min at 37°C and 10 min at 65°C (1 IU/µg; RNase-free
DNase kit; Qiagen), and was followed by reverse transcription. The reaction was
performed with 1 µg of total RNA in a final reaction volume of 20 µl, composed
of 1x First Strand Buffer (Invitrogen), 10 mM DTT (Invitrogen), 0.5 mM dNTPs
(Promega), 1.8 U/ml Random primer (Invitrogen), 0.4 U/µl RNAsin (Promega)
and 7.5 U/µl of Superscript III (Invitrogen). The reaction was incubated for
60 min at 50°C and 5 min at 80°C. Negative reverse transcription products were
prepared from 0.5 µg of RNA using the same protocol but omitting the superscript
III.

3.2.4 Quantitative real-time plymerase chain reaction

All primer pairs were designed using PerlPrimer software (v1.1.14; [134]) based on
the equine coding sequence, and were produced by Eurogentec (Seraing, Belgium).
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For each primer pair the gene was amplified from endometrium or conceptus mem-
brane cDNA, to obtain a PCR product. The PCR product was purified, and the
quantity of product was measured using a NanoDrop ND 100 (Isogen Life Sci-
ence) while specificity was assessed by DNA sequencing (ABI PRISM 310 Genetic
analyzer, Applied Bio- system). For each target gene, a 10-fold serial dilution of
the target gene PCR product was amplified simultaneously with the samples to
establish a standard curve, which we used to quantify sample expression. PCR
was carried out in a 15 µl reaction mixture containing 1 µl of cDNA sample, 0.05
mM of primer (forward and reverse; Table 2), and 7.5 µl iQ SYBR® Green Super-
mix (Bio-Rad Laboratories) on an IQ5 real-time PCR detection system (Bio-Rad
Laboratories). Cycle conditions were: denaturation for 3 min at 95°C, followed
by 40 cycles of amplification (15 s at 95°C, 30 s at the primer specific anneal-
ing temperature and 30 s at 72°C). This was followed by 1 min at 95°C, 1 min
at 55°C and finished with a melting curve. Product specificity was evaluated by
reading the melting curve with the iQ5 optical system software, and target gene
concentrations were quantified by reference to their specific standard curve (start-
ing quantity value). Finally, stability of four potential reference genes (GAPDH,
PGK1, HPRT1, SRP14 ) was evaluated using GeNorm [212].

3.2.5 Western Blot

Approximately 100 mg of endometrium was lysed in 200 µl RIPA buffer [25 mM
Tris-HCl (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate,
(Pierce Thermo Scientific)] supplemented with 2 µl protease inhibitor (Thermo
Scientific) and following the protocol described by de Ruijter-Villani [54]. Protein
concentration was determined using the Bradford assay (BioRad). Either 80, 40,
20 or 10 µg of protein was loaded per well and separated by SDS-PAGE on a
10% SDS–polyacrylamide gel, and then transferred onto nitrocellulose membranes
(Trans-Blot1, Bio-Rad Laboratories) as previously described [54]. The membranes
were rinsed in TBS-Tween [TBS with 0.05% Tween-20 (ICN, Aurora, OH)] and
blocked with 5% non-fat dry milk in TBS-Tween (blocking buffer) for 1 h, fol-
lowed by overnight incubation at 4°C with the primary antibody diluted 1 : 500
in blocking buffer (rabbit polyclonal anti-SLC43A2 antibody, (ab107426, Abcam),
rabbit polyclonal anti-SLC7A2 antibody (NBP1-59872, Novus Biologicals), rab-
bit polyclonal anti-SLC1A5 antibody (NBP1-59732, Novus Biologicals). After
three washing steps with blocking buffer, the membranes were incubated for 1 h
at room temperature with horseradish peroxidase (HRP) conjugated goat anti-
rabbit IgG (31460; Pierce Biotechnology) diluted 1 : 10 000 in blocking buffer.
Subsequently, the membranes were washed four times in blocking buffer, three
times in TBST and once in Tris-buffered saline; this was followed by visualization
of the antibody-protein complexes using Immun-Star1 chemiluminescent substrate
(Bio-Rad Laboratories) and exposure to X-ray film (Fuji).

3.2.6 Immunohistochemistry

For each paraffin block, 5 µm sections were mounted on SuperFrost® Plus slides
(VWR International). The sections were deparaffinized and rehydrated by immer-
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Table 2 – Equine primer pair details (gene symbol, primer sequence, annealing temper-
ature, product size and accession number of amino acid transporters used for qRT-PCR
analysis).
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sion in xylene (2 x 5 min) followed by decreasing concentrations of ethanol (EtOH;
100%, 96%, 70%: 2 x 3 min; Klinipath), and then rinsed in phosphate-buffered
saline (PBS). Endogenous peroxidase activity was blocked by immersing the sec-
tions in 1% H2O2 in methanol (Merck) for 30 minutes. For LAT4 (SLC43A2)
and ASCT2 (SLC1A5), antigen retrieval was performed by microwaving (at 750
W) for 15 minutes in pre-heated Tris/EDTA-buffer (0.01 M Tris Base; Merck,
0.001 M EDTA; Sigma-Aldrich, 0.05% Tween-20, pH 9.0). For CAT2 (SLC7A2),
antigen retrieval was performed by microwaving (at 840 W) for 15 minutes in pre-
heated citrate-buffer (0.2% citrate; Merck, pH 6.0). After microwaving, the slides
were cooled to room temperature over 30 minutes and then rinsed in PBS-Tween
(PBST; 0.05% Tween-20 in PBS: 3 x 5 min). To block non-specific binding, sec-
tions were incubated with goat serum (diluted 1 : 10 in PBS) for 15 minutes at
room temperature, then incubated with the specific primary antibody overnight
at 4°C. The primary antibodies used were a rabbit polyclonal anti-SLC43A2 anti-
body (diluted 1 : 200 in PBS, ab107426, Abcam), a rabbit polyclonal anti-SLC7A2
antibody (diluted 1 : 100 in PBS, NBP1-59872, Novus Biologicals) or a rabbit
polyclonal anti-SLC1A5 antibody (diluted 1 : 200 in PBS, NBP1-59732, Novus
Biologicals). After rinsing in PBST (3 x 5 min), sections were incubated with the
secondary biotinylated goat anti-rabbit antibody (diluted 1 : 250 in PBS; BA-
1000; Vector Laboratories) for 30 minutes at room temperature. Sections were
rinsed in PBS (3 x 5 min) then incubated with the Avidin-Biotin-complex (ABC)-
peroxidase (Vectastain® ABC Kit, PK-4000; Vector Laboratories) for 30 minutes
at room temperature. After washing in PBS (3 x 5 min), the slides were incubated
in freshly prepared 3,3’-diaminobenzidine tetrahydrochloride solution (45 ml 0.05
M Tris/HCl pH 7.6 (Merck), 5 ml DAB and 5 µl H2O2 (Merck)) for 10 min. The
slides were then washed for 5 minutes in running tap water, after which the nuclei
were counterstained with haematoxylin (30 seconds; Merck), and washed again
for 10 minutes under running tap water. Finally, the sections were dehydrated in
ethanol (EtOH: 70%, 96%, 100% 2 x 3 min) followed by xylene (2 x 5 min) and
mounted under a coverslip with Eukitt� Mounting Medium (Electron Microscopy
Systems). Sections were imaged with a digital camera (ColorViewII, Olympus)
coupled to a microscope (Olympus BX42 microscope, Olympus) using CellB soft-
ware (Olympus). For negative controls, the primary antibody was replaced by
purified rabbit IgG at the same final concentration.

3.2.7 Statistical analysis

All data were analyzed using SPSS 20 for Windows (IBM Corp.). Quantitativ
real-time PCR data were first subjected to logarithmic transformation to obtain
normally distributed data sets. Results obtained from endometrium were analyzed
by two-way analysis of variance (ANOVA) followed by a post-hoc Tukey test. If
a significant interaction was found between pregnancy status and stage of preg-
nancy/cycle, data were split according to the status or the stage and analyzed
by one-way ANOVA, followed by a Tukey test. Data obtained from conceptus
membranes were analyzed by one-way ANOVA followed by post-hoc Tukey test-
ing. For the asynchrony study, the data were analysed by two-way ANOVA to
examine the impact of stage of pregnancy and synchrony of ET, and if a significant
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Figure 1 – Western blot analysis using anti-human LAT4, ASCT2 and CAT2 antibodies
on equine endometrial protein extracts (LAT4: 1 = 80 µg, 2 = 40 µg, 3 = 20 µg; ASCT2
and CAT2: 1 = 20 µg, 2 = 10 µg). The molecular weights are indicated on the left.
LAT4: band at 50 kDa; ASCT2: band between 49 and 64 kDA; CAT2: clear single
band at around 50-60 kDa.

effect was found, an independent T-test was carried out for verification. Statistical
significance was assumed when P <0.05.

3.3 Results

Based on published literature from humans, mice and farm animal species [30, 70,
87, 88, 100, 135, 164, 209], we selected 10 amino acid transporters, representative
of the main transport systems present during early pregnancy. Expression and
localization of the transporter protein was only possible for a small number of
transporters because of a lack of antibodies validated to cross react with equine
tissues. On the basis of mRNA expression results, three transporters were selected
for immunohistochemical studies. The antibodies used for immunohistochemistry
were tested by western blot using equine endometrial tissue and gaveone or two
distinct bands close to the predicted size or similar to that seen on western blot
of human tissue (Fig.1 and Supplemental table S1, available as Supplementary
Material to this paper).

3.3.1 Expression of AA transporters in the endometrium
during the oestrous cycle and early pregnancy

Neutral AA transporters

Expression of neutral AA transporters was affected by stage (Days of cycle or
pregnancy) for SLC7A8 (LAT2), SLC43A2 (LAT4) and SLC38A2 (SNAT2) and
by the interaction between stage and pregnancy status (pregnant versus cycling)
for SLC7A8 and SLC38A2 (Fig.2). Endometrial expression of SLC7A5 (LAT1)
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was low (data not shown). Endometrial SLC7A8 (LAT2) expression was stable
during the cycle, but decreased progressively as pregnancy proceeded (P <0.05),
while SLC43A2 (LAT4) mRNA expression showed a temporal down-regulation as
both the cycle and pregnancy progressed. Gene expression for SLC38A2 (SNAT2)
was stable during the cycle but increased as pregnancy progressed (P <0.01).
Immunostaining for LAT4 (SLC43A2 ) was detected in the cytoplasm of glandu-
lar epithelial cells, luminal epithelial cells and, to a lesser extent, in the stroma
(Fig.3a). As found for SLC43A2 mRNA levels, a stronger signal for LAT4 protein
was detected in the endometrium on Days 7 and 14 (dioestrus) than on Day 21
(oestrus) of the cycle. In pregnant mares, LAT4 protein was more abundant on
Days 7, 21 and 28 than on Day 14 of gestation.

Anionic AA transporters

Endometrial mRNA expression for the anionic AA transporters SLC1A1 (EAAT3),
SLC1A4 and SLC1A5 (ASCT1-2) was affected by stage and by the interaction
between stage and pregnancy status (Fig.2). Expression of SLC1A1 (EAAT3)
peaked on Day 14 and had decreased again by Day 21 of the cycle (P <0.01).
SLC1A1 expression was stable during pregnancy, and was higher in endometrium
from pregnant than cyclic mares on Day 21. While the mRNA level for SLC1A4
(ASCT1) was down-regulated on Day 21 of the cycle, both SLC1A4 and SLC1A5
(ASCT2) were up-regulated during pregnancy (P <0.05). ASCT2 (SLC1A5 ) im-
munostaining was detected in the cytoplasm of endometrial glandular epithelial
cells and luminal epithelial cells, but not in the stroma (Fig.3b). During the oe-
strous cycle, endometrial expression of ASCT2 protein increased after Day 7 and
was localized in the cytoplasm of luminal and glandular epithelium GE. Similarly,
expression of this protein increased in the LE and GE as gestation advanced.

Cationic AA transporters

Endometrial mRNA expression for the cationic AA transporters SLC7A1 and
SLC7A2 (CAT1-2) was affected by stage and by the interaction between stage and
pregnancy status (Fig.2). The transporter SLC7A3 (CAT3) was not expressed in
the endometrium (data not shown). Expression of SLC7A1 (CAT1) was stable
during the cycle whereas it decreased as pregnancy progressed (P<0.01). Endome-
trial SLC7A2 (CAT2) gene expression followed a similar pattern of expression to
the anionic AA transporter SLC1A1 with a transient peak on Day 14 of the cycle
and higher expression on Day 21 of pregnancy compared to Day 21 of the cycle
(P <0.01). CAT2 (SLC7A2 ) immunostaining was mainly localized to the cyto-
plasm of the glandular epithelium at all stages (Fig.3c). During the cycle, CAT2
showed a weak signal in the luminal epithelium and the signal was stronger in the
cytoplasm of glandular epithelium on Day 7 compared to Day 14 and 21. During
early pregnancy, moderate staining was visible in the glandular epithelium, a weak
signal was detected in the luminal epithelium, and intense staining was observed
in the apical part of the luminal epithelium by Day 28.
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Figure 2 – Relative gene expression for 8 amino acid transporters in equine endometrium from cyclic (white bars) or pregnant mares (grey
bars) on various days after ovulation. Values are calculated as the ratio of the target gene mean value to the geometric mean for the reference
genes GAPDH, PGK1 and SRP14. Data are the mean ± s.e.m. Asterisks indicate significant differences between condition (cyclic vs pregnant)
within the same day (*P <0.05, **P <0.01). Different letters above column indicate significant (P <0.05) while differences between days (x, y,
z for cyclic mares; a, b, c for pregnant mares).
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Figure 3 – Immunohistochemical localization of (a) LAT4 (SLC43A2), (b) ASCT2 (SLC1A5) and (c) CAT2 (SLC7A2) in endometrium from
cyclic (C: Days 7, 14, 21) and pregnant (P: Days 7, 14, 21 and 28) horse mares and conceptuses (Days 14, 21 and 28). AC, allantochorion; YS,
yolk sac; GE, glandular epithelium; LE, luminal epithelium; S, stroma; TE, trophectoderm; En, endoderm; Me: mesoderm; IgG: immunoglobulin.
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3.3.2 Expression of AA transporters in early conceptus
membranes

Neutral AA transporters

Expression of the neutral AA transporters SLC7A5 (LAT1) and SLC38A2
(SNAT2) was higher after Day 14 of pregnancy (P <0.01; Fig.4). SLC7A8 (LAT2)
was not expressed in conceptus membranes (data not shown). For
SLC43A2 (LAT4), mRNA levels increased in Day 28 YS but were reduced in
the AC (P <0.05; Fig.4). LAT4 protein was detected from Day 14 in the cyto-
plasm of trophectoderm cells and more strongly in endoderm cells (Fig.3a). Day
21 bilaminar and trilaminar membranes showed similar staining in the apical part
of trophectoderm and endoderm cells, and LAT4 was also evident in the meso-
derm and the endothelium. Staining was stronger in the mesoderm, endoderm
and apical aspect of the trophectoderm of Day 28 AC and YS.

Anionic AA transporters

As we found for the neutral transporters, mRNA expression for the anionic AA
transporters SLC1A4 (ASCT1, P <0.05) and SLC1A5 (ASCT2, P <0.001) in-
creased after Day 14 of pregnancy in conceptus membranes (Fig.4). By contrast,
SLC1A1 (EAAT3) was not affected by the stage of pregnancy (Fig.4). Corre-
spondingly, immunostaining for ASCT2 (SLC1A5 ) protein was moderate on the
apical surface of trophectoderm cells and in the cytoplasm of endoderm cells from
Day 14 of pregnancy and increased in intensity by Day 21 and 28 (Fig.3b). On
Day 21, no differences in staining pattern between bilaminar and trilaminar YS
were evident and there was little staining apparent in mesoderm. On Day 28,
ASCT2 staining was more intense at the apical side of the YS endoderm and only
sporadically visible in mesodermal cells.

Cationic AA transporters

The cationic AA transporter SLC7A3 (CAT3) was not expressed (data not shown),
SLC7A1 (CAT1) increased after Day 14 of pregnancy (P <0.01), while SLC7A2
(CAT2) increased after Day 21 of pregnancy (P <0.05; Fig.4) in conceptus mem-
branes. As for the gene expression, CAT2 protein expression increased slightly
during pregnancy in the cytoplasm of trophectoderm and endoderm cells (Fig.3c).
On Day 14 of pregnancy, moderate staining was detected in the baso-lateral mem-
brane of the trophectoderm and, from Day 21, strong staining was detected in the
apical part of the trophectoderm and the endoderm, with no differences between
bilaminar and trilaminar YS. CAT2 expression was also evident in endothelium
and other mesodermal cells.
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Figure 4 – Relative gene expression of eight amino acid transporters in equine conceptuses in the trophectoderm (T), yolk sac (YS) and
allantochorion (AC) on various days of pregnancy. Values are calculated as the ratio of the target gene mean value to the geometric mean for the
reference genes GAPDH, HPRT1, PGK1 and SRP14. Data are the mean ± s.e.m. Asterisks indicate significant differences between pregnancy
stage (*: P <0.05, **: P <0.01).
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3.3.3 Effect of asynchronous ET on AA transporter expression
in endometrium and conceptus membranes

In a previous study, we showed that transferring Day 8 blastocysts into a 5-day
negatively asynchronous recipient mare delayed conceptus development by ap-
proximately 3 days [91]. Indeed, conceptuses transferred to a negatively asyn-
chronous uterus presented a smaller embryonic disc on Day 14 of pregnancy, and
the crown-rump length, somite number and organogenesis were retarded in Day
19 asynchronous compared to synchronous embryos.

Endometrium

As expected, expression of AA transporters after synchronous ET was similar
to the expression during normal pregnancy, in that the neutral AA transporter
SLC7A8 was down-regulated (P <0.05) and the anionic AA transporter SLC1A5
was up-regulated (P <0.05) between Days 14 and 19 of synchronous transfer
(Fig.5). By contrast, after negative asynchronous ET, gene expression was sta-
ble between Days 14 and 19, suggesting a delay in SLC7A8 down-regulation and
SLC1A5 up-regulation (Fig.5). Interestingly, SLC1A1 (EAAT3), which did not
change in expression during normal pregnancy, was down-regulated between Days
14 and 19 of synchronous pregnancies (P <0.05) but not after asynchronous trans-
fer (Fig.5) such that, on Day 19 of conceptus development, SLC1A1 was more
highly expressed in the endometrium of asynchronous than synchronous pregnan-
cies (P <0.01). The AA transporters SLC43A2, SLC38A2, SLC1A4, SLC7A1
and SLC7A2, which showed stable expression between Days 14 and 21 of normal
pregnancy, were also stable after synchronous ET; moreover, asynchronous ET did
not affect their expression (data not shown).

Although SLC43A2 gene expression was not affected by time after ET or
synchrony, protein expression was affected by asynchrony (Fig.6a). In this respect,
at Day 14 of conceptus development, LAT4 staining was weaker in the glandular
and luminal epithelium and stroma of asynchronous endometrium, while at Day 19
of conceptus development, staining appeared to be stronger in the LE and weaker
in the S after asynchronous ET. Day 14 synchronous and Day 19 asynchronous
endometrium, both characterized by the same time interval after ovulation (14
days), showed a similar localization of LAT4, although the intensity appeared to be
weaker after asynchronous ET. On Day 14 and 19 of pregnancy, ASCT2 (SLC1A5)
staining was more intense in the luminal and glandular epithelium of synchronous
compared to asynchronous endometrium; moreover, staining intensity increased
between Day 14 and 19 in both groups (Fig.6b). Staining intensity was weaker
in Day 19 asynchronous endometrium than in Day 14 synchronous endometrium
(both recovered on Day 14 after recipient mare ovulation). It appears that the
upregulation of ASCT2 protein expression was delayed after asynchronous ET.

Conceptus Membranes

Expression of the AA transporters in conceptus membranes was mostly up-regulated
between Day 14 and 19 of pregnancy, irrespective of the group (synchronous or
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Figure 5 – Relative gene expression for 3 amino acid transporters in equine endometrium
on Days 14 and 19 of pregnancy after asynchronous (white bars) or synchronous (grey
bars) embryo transfer. Values are calculated as the ratio of the target gene mean value
to the geometric mean for reference genes GAPDH, PGK1 and SRP14. Data are the
mean ± s.e.m. Asterisks indicate significant differences (P <0.05) within a group. Dif-
ferent letters above columns indicate significant differences (P <0.05) between groups
(asynchronous vs synchronous) within the same day.

Figure 6 – Immunohistochemical localization of (a) LAT4 (SLC43A2 ) and (b) ASCT2
(SLC1A5 ) in equine endometrium and conceptus membranes after asynchronous (Asyn)
or synchronous (Syn) embryo transfer. Protein localisation was performed on Days 14 and
19 of pregnancy after asynchronous or synchronous embryo transfer. TE, trophectoderm;
En, endoderm; Me: mesoderm.
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asynchronous; SLC7A5, SLC38A2, SLC1A4, SLC1A5, SLC1A1 and SLC7A1 ; P
<0.05; Fig.7), that is, it followed the same trend observed during normal preg-
nancy. The exception was SLC43A2 which showed a down-regulation between
Days 14 and 19 of pregnancy in the synchronous group only (Fig.7). Nevertheless,
conceptuses transferred to an asynchronous uterus had lower mRNA expression
on both Day 14 and 19 of development (SLC1A4, SLC7A1 ; P <0.05) or had a
lower expression on Day 14 (SLC38A2 ; P <0.05) or on Day 19 of development
only (SLC7A5, SLC1A5, and SLC1A1 ; P <0.05). This indicates a delayed up-
regulation for most AA transporters after asynchronous ET (Fig.7). Here the
exception was SLC1A5 (ASCT2), which showed a higher mRNA expression on
Day 14 of pregnancy after asynchronous compared to synchronous ET (P <0.05);
and while the expression increased between Day 14 and 19 of pregnancy in syn-
chronous pregnancies, it decreased after asynchronous ET (P <0.05). Finally,
SLC7A2 (CAT2) gene expression was not affected by asynchronous ET (data not
shown).

In conceptus membranes, LAT4 (SLC43A2 ) and ASCT2 (SLC1A5 ) proteins
were detected in trophectodermal , endodermal and mesodermal cells , and stain-
ing intensity increased with stage (Fig.7ab). From Day 14 of pregnancy, LAT4 was
detected in the cytoplasm of the EN and the apical part of the TE in both syn-
chronous and asynchronous conceptuses and staining intensity increased by Day
19 of pregnancy, with no effect of asynchrony (Fig.6a). On Day 14 of pregnancy,
staining for ASCT2 (SLC1A5 ) was weaker in the endoderm of asynchronous com-
pared to synchronous conceptuses. At Day 19, staining for ASCT2 was intense
in the apical part of the trophectoderm, in the endoderm and the mesoderm, but
did not seem to differ between groups (Fig.6b). By Day 19 of pregnancy, protein
expression for LAT4 and ASCT2 did not vary appreciably between conditions
(synchronous vs asynchronous) and staining did not seem to differ between Day
19 bilaminar and trilaminar YS.
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Figure 7 – Relative gene expression for seven amino acid transporters in equine conceptus membranes on Days 14 and 19 of pregnancy, after
asynchronous (white bars) or synchronous (grey bars) embryo transfer. Values are calculated as the ratio of the target gene mean value to
the geometric mean for reference genes GAPDH, PGK1 and SRP14. Data are the mean ± s.e.m. Asterisks indicate significant differences
(P <0.05) between pregnancy stages within a group. Different letters above columns indicate significant differences (P <0.05) between groups
(asynchronous vs synchronous) within the same day.
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3.4 Discussion

As in other species, various AA transport systems are present in equine en-
dometrium and conceptus membranes during early pregnancy. In the endometrium,
the expression of these transporters changes over the course of the oestrous cycle
and during early pregnancy, presumably reflecting effects of both ovarian steroid
hormones and the presence of a conceptus. In the conceptus membranes, a range
of AA transporters are progressively up-regulated during early pregnancy.

Major transporters in equine endometrium

In equine endometrium, neutral (SLC7A8, SLC43A2, and SLC38A2 ), anionic
(SLC1A4, SCL1A5, SLC1A1 ) and cationic AA transporters (SLC7A1, SCL7A2 )
were all expressed during the oestrous cycle and early pregnancy. However, we
observed different patterns of expression, suggesting different regulatory mecha-
nisms and functions of different transporters. SLC1A4 appeared to be responsive
primarily to the ovarian steroid environment since it increased during both late
dioestrus and pregnancy (progesterone dominance), but fell during oestrus (Day
21 of the cycle; oestrogen dominance). The expression of SLC38A2 and SLC1A5
increased in the endometrium during early pregnancy despite little change during
the oestrous cycle, suggesting that it is stimulated primarily by the presence of the
conceptus, although it is also conceivable that an extended duration of exposure
to progesterone plays a role. By contrast, SLC7A8, SLC43A2 and SLC7A1 were
down-regulated during early pregnancy, while SLC1A1 and SLC7A2 were not af-
fected by pregnancy stage. The neutral AA transporter SLC38A2, part of system
A, can transport two AAs, glutamine and proline [46, 100, 164], that are necessary
for conceptus development [30, 231]. In the cow, the neutral AAs are the most
abundant AAs in the histotroph, and endometrial SLC38A2 expression increases
during pregnancy [70]. Our results suggest that SLC38A2 is the principle player
in neutral AA transport across the endometrium during the pre-implantation pe-
riod and that the conceptus plays an essential role in upregulating its expression.
SLC1A4 and SLC1A5 are transporters from the ASC system that facilitates the
transport of the anionic AAs, aspartate and glutamate [88, 164]. Both of these
transporters were up-regulated in the endometrium during early horse pregnancy;
between Days 7 and 14 for SLC1A4 and between Days 14 and 21 for SLC1A5
(which was coupled with an increase in expression of ASCT2 protein in the lu-
minal and glandular epithelium of pregnant endometrium). Expression of these
transporters similarly increased during ovine pregnancy [88], and the up-regulation
was accompanied by an increase in total recoverable aspartate and glutamate in
the uterine fluids from pregnant compared to cyclic ewes [88]. Since acidic AAs
are essential for early conceptus development, it seems reasonable to conclude that
SLC1A4 and SLC1A5 play crucial roles in delivering them to the uterine lumen
during early gestation.
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Major transporters in equine conceptus membranes

In contrast to other domestic species, most AA transporters studied were up-
regulated in equine conceptus membranes, either after Day 14 of pregnancy
(SLC7A5, SLC38A2, SLC1A4, SLC1A5 and SLC7A1 ) or after Day 21 (SLC43A2
and SLC7A2 ), although SLC1A1 was stable during pregnancy. Upregulation of
the SLC1A5, SLC43A2 and SLC7A2 genes was coupled with an increase in ex-
pression of ASCT2, LAT4 and CAT2 protein, mostly in the endoderm and on the
apical surface of the trophectoderm, suggesting that these transporters help deliver
amino acids from the uterine lumen into trophectoderm cells, although they do not
seem to be involved with transport across the baso-lateral membrane. Since the
transporters were also expressed in the endoderm, the amino acids could be trans-
ported to or from the YS cavity. Further transport within the conceptus could be
supported by LAT4 and CAT2 as they are expressed in mesodermal cells. While
the neutral AA transporters SLC7A5, SLC43A2 and SLC38A2 were expressed in
ruminant conceptuses, only SLC43A2 was up-regulated during early pregnancy
[70, 88]. Conversely, while the neutral AA transporter SLC7A8 was expressed in
cow and ewe conceptuses [70, 88], it was not detected in equine conceptus mem-
branes. Although all the anionic AA transporters studied (SLC1A4, SLC1A5 and
SLC1A1 ) were also expressed in ruminant conceptuses, only SLC1A4 expression
increased during pregnancy, while SLC1A5 and SLC1A1 decreased after Day 13 of
pregnancy in cattle [70, 88]. Finally, the expression of the cationic AA transporters
SLC7A1 and SLC7A2 was up-regulated in horse conceptus membranes, whereas
their expression remained relatively low between Days 13 and 18 of pregnancy in
ewe and cow conceptuses [87].

Because the horse has a longer pre-implantation period (approximately 40 days:
[7]) than other domestic species (15-16 days in the sheep and 19-20 days in the
cow; [176]), the horse conceptus presumably depends on histotrophic nutrition for
longer. It is therefore reasonable to speculate that the horse embryo expresses a
greater range of AA transporters at elevated levels to ensure adequate AA provi-
sion during the long pre-implantation period. Furthermore, YS AA transporter
up-regulation occurred mainly between Days 14 and 21 of pregnancy, suggesting
an increase in gene expression to support rapid conceptus development. Leading
up to and during this period, the horse embryo undergoes critical developmental
events including Na+/K+-ATPase pump and aquaporin driven rapid expansion,
electrolyte and fluid accumulation (Days 7-16; [43, 216], growth of the acellular
glycoprotein capsule (Days 7-18; [151]), fixation at the basis of one of the uter-
ine horns (Day 16; [94]), gastrulation (from Day 11-12), neurulation (from Day
13) and organogenesis [1, 83, 91, 94, 218]. Conceptus expansion, fixation and
the growth and then attenuation and loss of the capsule affect fluid, ion and pro-
tein expression and abundance in the conceptus [43, 216, 217],equine conceptus
therefore presumably requires increasing amounts or changing profiles of AAs to
support protein synthesis and cellular processes [107, 135, 199, 209].
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Transporters regulated by progesterone or conceptus factors

It has previously been reported that AA transporters in the endometrium can be
regulated either by progesterone or by a combination of progesterone and factors
secreted by the conceptus, such as interferon tau (IFNτ) in ruminants [70, 87,
88]. In ruminant endometrium, SLC43A2, SLC7A1, SLC7A2, SLC1A1, SLC1A4
and SLC1A5 are all up-regulated by progesterone, whereas increased SLC38A2
expression required a low progesterone environment. Furthermore, SL7A2 and
SLC1A5 were stimulated by IFNτ in ovine endometrium.

We used asynchronous ET to modify the duration of endometrial progesterone
exposure in the presence of an embryo. Equine conceptuses transferred to a neg-
atively asynchronous uterus of more than 5 days display an ultrasonographically
visible delay in development from as early as Day 14 of pregnancy [91, 227], accom-
panied by a smaller embryonic disc with a delay in primitive streak development;
and by Day 19 show retarded crown-rump length, somite number and organogen-
esis compared to conceptuses recovered from a synchronous uterus.

We found that endometrial mRNA and protein expression for SLC1A5
(ASCT2) increased between Days 14 and 19 of pregnancy after synchronous, but
not after asynchronous ET; neither did it change during the oestrous cycle. It
therefore appears that SLC1A5 expression in equine endometrium is primarily
upregulated by the presence of a conceptus (and its secreted factors), although it
may still require a background of continuous progesterone secretion. In this re-
spect, in ruminants, upregulation of SLC1A5 depends primarily on progesterone
but is further stimulated by IFNτ [70, 88].

SLC7A8 was stable during the oestrous cycle but down-regulated during nor-
mal equine pregnancy and between Days 14 and 19 after synchronous ET. This
suggests that conceptus secreted factors play the primary role in down-regulating
the expression of endometrial SLC7A8 in the horse. Endometrial SLC1A1 was
up-regulated between Days 7 and 14 of the oestrous cycle, and then decreased be-
tween Days 14 and 21; although a similar trend appeared during normal pregnancy,
suggesting downregulation after a longer period of exposure to progesterone, the
downregulation was less profound than during oestrus. Nevertheless, the sugges-
tion that a longer period of exposure to progesterone may play a role in SLC1A1
downregulation was supported by the decrease in expression between Days 14
and 19 of pregnancy after synchronous, but not asynchronous ET. Alternatively
conceptus factors, such as oestrogens produced in abundance by the early equine
conceptus [233], could contribute to the pregnancy-associated decrease. These re-
sults contrast with the cow where SLC1A1 was stimulated by progesterone, and
SLC7A8 was not affected by either progesterone or IFNτtreatment [88].

SLC7A5, SLC38A2, SLC1A4, SLC1A5, SLC1A1, and SLC7A1 expression in
conceptus membranes on Days 14 and/or 19 of conceptus development was reduced
after transfer to a negatively asynchronous uterus; this delayed up-regulation of
gene expression for a range of AA transporters could be a contributor to retarded
conceptus development after asynchronous ET. However, it is more likely that
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the delayed upregulation of the AA transporters is a consequence of retarded
conceptus development, similar to the delayed upregulation of expression observed
for a number of imprinted genes after asynchronous ET [91].

The larger range and more frequent upregulation of AA transporters in the
conceptus membranes compared to the endometrium may indicate that AA trans-
port across the YS wall is the primary limiting step in embryonic AA supply during
early pregnancy in the mare. In other species, histotrophic AA content increases
during early pregnancy to support conceptus growth and development [70, 89,
101], and in man, where fetal AA concentrations are usually higher than in the
maternal circulation, the expression and activity of AA transporters is considered
to be the rate limiting step in AA transport through the syncytiotrophoblast [30,
111].

In conclusion, a wide range of AA transporters are expressed in the
endometrium and conceptus membranes during early equine pregnancy in a spe-
cific spatio-temporal manner determined by a combination of maternal proges-
terone and conceptus secreted factors. In this respect, asynchronous ET suggested
that SLC1A5, SLC7A8 and SLC1A1 expression in the endometrium is primarily
regulated by conceptus secreted factors, although it may also depend on prolonged
exposure to progesterone. Proper coordination between the endometrium and the
conceptus undoubtedly regulates expression of the AA transporters in a fashion
necessary to support normal development. Finally, more AA transporters were
expressed in early equine YS membranes than in the endometrium. As the pre-
implantation period is unusually long in the horse, and the conceptus is entirely
dependent on histotrophic nutrition for the first 40 days of its development, we
propose that the equine conceptus membranes have recruited additional AA trans-
porters to satisfy the nutrient provision required to support embryo and placental
growth and development.
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Supplementary Material

Table S1 – Information about the molecular weight of LAT4, ASCT2 and CAT2 pro-
teins. Predicted molecular weight was obtained from the predicted protein sequence
(equine) and the protein sequence (human); molecular weight of the protein was esti-
mated from the size of the bands obtained by Western Blot (equine endometrium and
human tissue); predicted size of the bands was indicated by the suppliers for each anti-
body used.
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CHAPTER 4
Expression of glucose transporters

in the endometrium and early
conceptus membranes of the horse

Gibson C., De Ruijter-Villani M., Rietveld J., Stout T.A.E.
Published in Placenta; 2018, DOI: 10.1016/j.placenta.2018.06.308.
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Abstract

Introduction: Glucose is the primary energy substrate for early conceptus
development and, for the first 40 days of gestation, the equine conceptus de-
pends solely on glucose available in the histotroph; thereafter, histotrophic
glucose provision continues to support transport across the definitive pla-
centa.
Methods: To investigate glucose provision routes during early equine preg-
nancy we examined expression of glucose transporters in conceptus mem-
branes and endometrium recovered on days 7, 14, 21 and 28 after ovulation.
To further differentiate the contributions of maternal progesterone prim-
ing and conceptus-endometrium crosstalk in regulating glucose transporter
expression, day 8 embryos were transferred to recipient mares on day 8
(synchronous) or day 3 (asynchronous) after ovulation; conceptuses and en-
dometrium were recovered 6 or 11 days later.
Results: The glucose transporters SLC2A1, 2A3, 2A4, 2A8, 2A10 and 5A1
were expressed in equine endometrium. In conceptus membranes, expression
of SLC2A1-3, 2A5, 2A8, 2A10, 5A1 and 5A11 increased from day 14, and
SLC2A1 protein was highly abundant on the apical trophectodermal mem-
brane and in the endoderm. Asynchronous embryo transfer (ET) resulted in
reduced SLC2A1 expression in both the endometrium and conceptus mem-
branes.
Discussion: A wide range of glucose transporters are expressed in the pre-
implantation equine conceptus and endometrium, presumably to ensure ade-
quate glucose provision to the developing embryo. Endometrial expression of
SLC2A1 appears to be regulated by a combination of progesterone-priming
and conceptus signalling, and its delayed upregulation after asynchronous
ET may contribute to the observed delay in conceptus development.
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4.1 Introduction

In mammals, glucose is the major energy substrate supporting conceptus develop-
ment after blastocyst formation [152, 206]. While the equine morula uses similar
amounts of pyruvate and glucose, glucose uptake increases rapidly during blasto-
cyst expansion such that glucose is the preferred energy substrate thereafter [124].
In sheep and pigs, uterine luminal fluid (ULF) glucose concentrations increase dur-
ing early pregnancy [86, 235], presumably to support conceptus development. In
horses, total recoverable glucose in ULF is unaffected by pregnancy status or time
after ovulation (5-6 mg; [235]) and glucose concentrations in day 11-27 equine yolk-
sac fluid are relatively low and stable (0.1-2.7 mM; [35, 174]). During the same
period however, the concentration of fructose, synthesized from glucose by the
conceptus, increases markedly in both the ULF (5-60 mg; [235]) and yolk-sac fluid
(4–62 mM; [35, 174]). Conceptus fructose production is assumed to depend on
maternal glucose transported across the endometrium and conceptus membranes,
a process that could be performed by members of two glucose transporter families;
the facilitative transporters (solute carriers 2; SLC2A) and the sodium-dependent
transporters (solute carriers 5; SLC5A; [80, 152, 228]).

Glucose transporter expression in the endometrium and early conceptus is
species-specific (See Table S1 for details), and differences may relate to implanta-
tion type and duration of the pre-implantation period. SLC2A1 (also known as
GLUT1 or GT1) supports maintenance glucose uptake in most cell types and is
the most abundant glucose transporter in the endometrial stroma of species with
invasive implantation, and the endometrial epithelium of species with non-invasive
implantation [79, 160]. SLC2A1 is also expressed on the apical membrane of tro-
phectoderm cells in the early conceptus [152, 160]. SLC2A2 (GLUT2) is present
in the basolateral membrane of trophectoderm cells, but not in the endometrium
[105, 152]. However, given its insulin-dependence, high Km and low affinity for
glucose, SLCA2 is unlikely to support glucose uptake from the low glucose environ-
ment of the ULF [152]. Conversely, SLC2A3 (GLUT3 or GT3) is a low Km, high
affinity transporter that would support glucose transport from the ULF. Moreover,
SLC2A3 is present in the apical membrane of trophectoderm cells [152] and, since
SLC2A3 ablation (by antisense oligonucleotide treatment) inhibits murine blasto-
cyst formation, is known to be required for embryo development [153]. SLC2A4
(GLUT4) and SLC2A8 (GLUT8) are both highly efficient insulin-responsive trans-
porters present in rabbit conceptuses [147]. SLC2A5 (GLUT5) is a low Km, high
affinity fructose transporter not detected in human endometrium nor human or
mouse embryos [81], but present in ruminant conceptuses and endometrium [17,
59, 76]. SLC5A1 (SGLT1) and SLC5A11 (SGLT6) are sodium-dependent trans-
porters that transport glucose against a concentration gradient; they were not
detected in mouse or human embryos and endometrium [152], but are expressed
in ruminant endometrium and conceptuses [17, 59, 86]. SLC5A9 (SGLT4) and
SLC5A10 (SGLT5) are sodium-dependent transporters that have not been de-
tected in the uterus or conceptus of any species.

In various species, maternal progesterone (P4) and conceptus secreted factors
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such as interferon-tau (IFNτ), prostaglandins (PGs) and estrogens (E2) regulate
endometrial expression of certain glucose transporters, and thereby ULF glucose
concentrations [59, 81, 86, 193]. In murine and human endometrial stromal cells,
SLC2A1 expression and glucose uptake are up-regulated by P4 and down-regulated
by E2 [81]. In sheep, maternal progesterone and conceptus IFNτ and PGs (PGF2α,
PGE2 and PGI2) stimulate endometrial glucose transporter expression (SLC2A1,
SLC2A4, SLC2A5, SLC5A1 and SLC5A11) [59, 86], and IFNτ promotes uterine
luminal glucose accumulation [59]. Similarly, conceptus E2 upregulates SLC5A1
expression in porcine endometrium [193]. In short, the conceptus actively stim-
ulates endometrial expression of specific glucose transporters, and increases ULF
glucose availability [59].

Due to its unusually long pre-implantation period [7, 8], the horse conceptus is
entirely dependent on histotrophic nutrition for the first 40 days of gestation [27].
During the pre-implantation period, glucose transporters in the endometrium and
conceptus membranes must deliver the glucose required for embryonic develop-
ment. To date, reports of glucose transporter expression during equine pregnancy
have been limited to the description of SLC2A1 and SLC2A3 in the placental
microcotyledons from day 100 of gestation [230]. As in other species, SLC2A1
was localized to the basolateral membrane of trophectoderm and endometrial ep-
ithelial cells [206] Frolova and Moley, 2011a), whereas SLC2A3 was present at the
apical microvillar junction (interdigitation of trophoblast and uterine epithelium;
[229, 230]). We investigated the expression of glucose transporters (SLC2A1-2A5,
SLC2A8, SLC2A10, SLC5A1 and SLC5A9-5A11) in equine conceptus membranes
and endometrium during the oestrous cycle and early pregnancy. Previously, we
abbreviated the period of endometrial progesterone-priming by transferring day 8
blastocysts (donor mare) into a 5-day negatively asynchronous (day 3) recipient
mare. Asynchronous embryo transfer (ET) retarded conceptus development from
at least as early as day 14 of pregnancy, and delayed upregulation of expression
of various imprinted genes in conceptus membranes [91]. In the present study, we
investigated whether delayed conceptus development following asynchronous ET
was associated with altered glucose transporter expression.

4.2 Methods

4.2.1 Animals

Animal procedures were approved by Utrecht University’s Animal Experimen-
tation Committee (permits 2007.III.02.036 and 2012.III.02.020). Material was
recovered from two groups of 18 (study 1) and 22 (study 2) warmblood mares,
aged 4-15 years and maintained on pasture. During oestrus, follicle development
and ovulation was monitored transrectally using an ultrasound scanner with a
7.5-MHz transducer (MyLab30Vet; Esaote, Maastricht, The Netherlands). When
pregnancy was required, oestrous mares with a dominant follicle ≥ 35 mm were
inseminated every other day with ≥ 500 x 106 sperm cells, until ovulation. Non-
pregnant mares required as embryo recipients or for endometrial biopsy, were
monitored identically but were not inseminated. For ET, the desired degree of
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(a)synchrony between donor and recipient mares was ensured by hormone admin-
istration to induce luteolysis (PGF2α analogue) and ovulation (hCG). Day 7 or
8 pregnancy was confirmed by blastocyst recovery during uterine lavage whereas
later conceptus presence was diagnosed, and development monitored, by transrec-
tal ultrasonography.

4.2.2 Study design and tissue collection

Study 1 investigated changes in glucose transporter mRNA and protein expres-
sion in conceptus membranes and endometrium during early pregnancy and the
oestrous cycle. On days 14, 21 and 28, the conceptus (n=4 per group) was located
in the uterine cavity using a video-endoscope, and a PTFE cannula was used to
puncture the membranes and aspirate the fluids, after which the conceptus was
recovered with a sterile transendoscopic net, as described previously [55, 195]. An
endometrial biopsy was recovered from the base of a uterine horn on days 7, 14 and
21 after ovulation in cycling mares, and days 7 and 14 in pregnant mares; while on
days 21 and 28 of pregnancy, an endoscopically guided biopsy was recovered from
the visible hyperemic site of conceptus apposition (n=4 per group). All endome-
trial biopsies were recovered using an alligator forceps (141965; Jørgen Kruuse
A/S, Langeskov, Denmark). Study 2 investigated the effect of asynchronous ET
on endometrial and conceptus glucose transporter expression. As described pre-
viously [91], 20 day 8 blastocysts were collected from the donor mare by uterine
lavage and transferred to synchronous (ovulated on the same day) or asynchronous
(ovulated 5 days after the donor) recipient mares. Resulting conceptuses (n=5 per
group) were recovered on day 6 or 11 after ET (day 14 or 19 of conceptus develop-
ment), and an endometrial biopsy (n=5 per group) was recovered from the base of
a uterine horn (day 6 after ET) or the site of conceptus apposition (day 11 after
ET).
After recovery and washing in 0.9% NaCl, the embryonic disc (day 14) or em-
bryo proper (day 19, 21 and 28; Supplemental Fig.S1) were dissected from the
membranes (yolk sac; YS) using a stereomicroscope (Olympus SZ-ST; Olympus,
Tokyo, Japan); for day 28 conceptuses, the YS and allantochorion (AC) were sep-
arated. All tissues were then divided; one piece was snap-frozen in liquid nitrogen
and stored at -80°C prior to RNA extraction; the other piece was fixed overnight
in paraformaldehyde before embedding in paraffin prior to immunohistochemistry.

4.2.3 RNA extraction and cDNA synthesis

Total RNA was extracted using the AllPrep DNA/RNA/Protein Mini kit (Qiagen,
Venlo, The Netherlands). Samples (30 mg) were homogenized in 600 µl lysis buffer
and RNA was eluted with 40 µl RNAse-free water. Sample RNA quantity and
quality were assessed using a NanoDrop (ND 1000; Isogen Life Sciences, De Meern,
The Netherlands) and a BioAnalyzer (Agilant, Palo Alto, CA) respectively; only
samples with a RNA integrity index of 7 or higher were used for the present study.
DNAse I treatment (37°C and 10 min at 65°C; 1 IU/µg; RNase-free DNase kit;
Qiagen) was performed on 1 µg RNA and followed by reverse transcription using
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Superscript III (Invitrogen, Landsmeer, The Netherlands) in a final volume of 20
µl.

4.2.4 Quantitative RT-PCR

QRT-PCR was performed as described previously [91]. Briefly, primer pair (Eu-
rogentec: Seraing, Belgium) product specificity was assessed by DNA sequencing
(ABI PRISM 310 Genetic analyzer; Applied Biosystem, Foster City, USA). For
each gene, a 10-fold serial dilution of the target gene PCR product, of known quan-
tity, was amplified simultaneously with the samples to make a standard curve, to
allow subsequent quantification. PCR was carried out in 15 µl reaction mixture
containing 1 µl sample cDNA and iQ SYBR® Green Supermix, on an IQ5 real-
time PCR system (Bio-Rad Laboratories; Veenendaal, The Netherlands). Cycle
conditions were: 3 min denaturation at 95°C, followed by 40 cycles of amplifica-
tion (15 s at 95°C, 30 s at the primer-specific annealing temperature and 30 s at
72°C). This was followed by 1 min at 95°C, 1 min at 55°C and finished with a melt-
ing curve. Product specificity was evaluated by assessing the melting curve using
iQ5 software, and target gene concentrations were quantified using the standard
curve. Relative gene expression was calculated as the ratio of target gene mean
expression to the geometric mean for the housekeeping genes for endometrium
(GAPDH, PGK1 and SRP14) or conceptus membranes (GAPDH, HPRT1, PGK1
and SRP14). The type and the optimum number of reference genes for normaliza-
tion purposes were selected for both endometrium and conceptus using GeNorm
[212].

4.2.5 Immunohistochemistry

Five µm sections of paraffin-embedded tissue were mounted on SuperFrost® Plus
slides (VWR International, Leuven, Belgium). After deparaffinization (xylene: 2
x 5 min) and rehydration (consecutive immersion in 100% , 96% and 70% ethanol:
2 x 3 min), endogenous peroxidase activity was blocked by 30 min immersion in
1% H2O2 in methanol. Antigen retrieval was performed by microwaving (750 W)
for 15 min in pre-heated Tris/EDTA-buffer (0.01 M Tris; 0.001 M EDTA; 0.05%
Tween-20; pH 9.0). Slides were cooled to room temperature (RT) over 30 min and
rinsed in PBS-Tween (PBST; 0.05% Tween-20 in PBS: 3 x 5 min). Sections were
then incubated for 15 min with goat serum (1:10 in PBS) to block non-specific
binding, before overnight incubation at 4°C with SLC2A1 antibody (1:100 dilu-
tion of a polycolonal antibody raised in a rabbit against amino acids 218-260 of
human SLC2A1: H43 sc-7903; Santa Cruz, Huissen, Netherlands). This antibody
recognizes SLC2A1 in equine tissue, and the 42 amino acid sequence targeted by
the antibody differs by only one amino acid between human and horse protein.
After rinsing with PBST (3 x 5 min), sections were incubated with a secondary,
biotinylated goat anti-rabbit antibody for 30 min at RT (BA-1000; diluted 1:250
in PBS: Vector Laboratories Inc., Burlingame, CA), rinsed in PBS (3 x 5 min) and
then incubated with Avidin-Biotin-complex (ABC)-peroxidase for 30 min (Vectas-
tain® ABC Kit, PK-4000; Vector Laboratories). After washing in PBS (3 x 5
min), slides were incubated for 10 min in freshly prepared 3,3’-diaminobenzidine
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tetrahydrochloride (45 ml 0.05 M Tris/HCl, pH 7.6; 5 ml DAB and 5 µl H2O2),
washed in tap water (5 min), counterstained with haematoxylin (30 s), and washed
again with tap water (10 min). Finally, the sections were dehydrated with ethanol
(70% , 96% , 100% ; 2 x 3 min) and xylene (2 x 5 min) and mounted under a cov-
erslip with Eukitt� Mounting Medium (Electron Microscopy Systems, Hatfield,
USA). Imaging was performed using an Olympus BX42 microscope with CellB
software (Olympus) coupled to a digital camera (ColorViewII, Olympus, Center
Valley, USA). For negative controls, the primary antibody was substituted by pu-
rified rabbit IgG (1:100 dilution). Staining intensity was evaluated subjectively
in 4 categories (-, no staining; +, weak staining; ++, moderate staining; +++,
strong staining).

4.2.6 Statistical analysis

Data were analyzed using SPSS 20 for Windows (SPSS Inc., Chicago, IL, USA).
QRT-PCR data were log transformed to obtain normally distributed data sets.
Endometrial gene expression was analyzed by two-way ANOVA followed by post-
hoc Tukey testing. If a significant interaction between pregnancy status and stage
of pregnancy/cycle was apparent, data were sub-divided according to status or
stage and reanalyzed by one-way ANOVA. Conceptus membrane expression was
analyzed by one-way ANOVA with post-hoc Tukey testing. Data from the ET
study was analysed by two-way ANOVA to investigate effects of pregnancy stage
and synchrony; significant effects were verified by independent T-tests. Statistical
significance was assumed when P <0.05.

4.3 Results

SLC5A9 and SLC5A10 were not detected in endometrium or conceptus mem-
branes.

4.3.1 Endometrial glucose transporter expression

SLC2A2 and SLC5A11 were not detected in endometrium. SLC2A5 expression
was very low, and SLC2A3 expression was unaffected by stage of oestrous cycle or
early pregnancy. SLC2A1 expression was higher in pregnant than cycling mares on
day 14, and increased from day 7 to 14 of pregnancy (P <0.05; Fig.1). SLC2A4
expression did not increase during pregnancy, but instead peaked on day 14 of
dioestrus (P <0.05; Fig.1). SLC2A8 expression was lower on day 28 of pregnancy
than all other stages (P <0.05), and SLC2A10 and SLC5A1 were lower on day
28 than days 7 and 14 of pregnancy (P <0.05); expression of these 3 genes was
not affected by oestrous cycle stage (Fig.1).

4.3.2 Conceptus membrane glucose transporter expression

SLC2A1, SLC2A3 and SLC2A8 were stably expressed in conceptus membranes
between days 14-28, whereas SLC2A10 expression increased from day 21
(P <0.001) and SLC2A2 expression peaked on day 21 (P <0.05; Fig.2). SLC2A5
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Figure 1 – Relative gene expression (mean ± s.e.m) for glucose transporters in en-
dometrium (E) recovered from cycling (white bars) or pregnant mares (grey bars) on
days 7, 14, 21 and 28 after ovulation. Significant differences (P <0.05) between status
(cycle versus pregnancy) within a day are indicated by asterisks (*) whereas differences
between days are denoted by different superscripts (a, b, c).

and SLC5A11 were highly expressed in the YS, but marginal in day 28 AC (P
<0.001 and P <0.05, respectively) whereas SLC5A1 was upregulated in day 28
AC (P <0.05; Fig.2). SLC2A4 expression was low.
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Figure 2 – Relative gene expression (mean ± s.e.m) for glucose transporters in equine conceptus membranes on days 14, 21 and 28 of pregnancy
(AC = allantochorion; YS = yolk sac). Significant differences between stages are denoted by different superscripts (a, b, c: P <0.05).
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4.3.3 Endometrial and conceptus glucose transporter
expression during asynchronous pregnancy

Endometrial expression of most glucose transporters (SLC2A3, SLC2A4, SLC2A5,
SLC2A8, SLC2A10, SLC5A1 ) did not change between days 14 and 19 and was
not affected by asynchrony. In fact, only SLC2A1 expression was affected by
asynchrony; on day 14 of conceptus development, SLC2A1 expression was lower in
endometrium from asynchronous (equivalent to day 9) than synchronous mares (P
<0.01; Fig.3). This difference disappeared by day 19, because SLC2A1 expression
increased in asynchronous (P <0.01) but not synchronous endometrium (Fig.3A).

In conceptus membranes, expression of SLC2A4, SLC2A10 and SLC5A1 was
low; SLC2A3 and SLC2A8 were unaffected by synchrony or stage, just as dur-
ing normal pregnancy. SLC2A1, SLC2A2, SLC2A5 and SLC5A11 were affected
by asynchrony. SLC2A1 and SLC5A11 expression decreased in conceptus mem-
branes between days 14 and 19 after synchronous ET only (P <0.05; Fig.3B).
SLC2A5 was less abundant in asynchronous than synchronous yolk-sac on day 14
(P <0.001); during days 14-19, expression increased in asynchronous (P <0.005)
but decreased in synchronous membranes (P <0.05) such that, by day 19, SLC2A5
expression was higher in asynchronous conceptuses (P <0.05; Fig.3B). Finally,
SLC2A2 expression increased between days 14 and 19 after synchronous ET only
(P <0.001) such that day 19 expression was higher in synchronous conceptuses (P
<0.05; Fig.3B).

4.3.4 SLC2A1 protein localization

Staining intensity for SLC2A1 in the endometrium and conceptus membranes is
shown in Supplemental Table S2. Endometrial SLC2A1 immunostaining was evi-
dent in the cytoplasm of glandular epithelial cells (GE) and the basal membrane
of luminal epithelial cells (LE) from day 7 of dioestrus (Fig.4). Staining intensity
increased on days 14 and 21 (oestrus) of the cycle in both LE and GE, and was
strongest in the LE on day 21. By contrast, endometrial SLC2A1 staining inten-
sity decreased with progression of early pregnancy. On day 7 and 14 of gestation,
weak to moderate staining was apparent in the GE and basal aspect of the LE,
but staining intensity decreased by day 21 and distribution became more sporadic
(Fig.4). Endometrial SLC2A1 localization after ET was similar; on day 14, how-
ever, staining was most prominent in the basal LE of asynchronous endometrium,
but the apical LE of synchronous endometrium. By day 19, staining intensity had
increased in the GE of asynchronous pregnancies, whereas it was strongest in the
LE and the GE after synchronous ET (Fig.5).

In conceptus membranes, SLC2A1 protein expression increased during preg-
nancy (Fig.4). Moderate staining intensity was observed in the trophectoderm
(TR) and endoderm (EN) on day 14. From day 21, staining intensified in the
apical part of the TR in both YS and, on day 28, AC (Fig.4). SLC2A1 was
not detected in embryonic mesoderm. SLC2A1 distribution was similar after ET,
and staining was more intense in the apical TR of day 19 than day 14 concep-
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Figure 3 – Relative gene expression (mean ± s.e.m) for glucose transporters in equine
endometrium (A) and conceptus membranes (B) collected on days 14 and 19 of conceptus
development after asynchronous (white bars) or synchronous (grey bars) embryo transfer.
Significant differences (P <0.05) between group (asynchronous versus synchronous) on
the same day after transfer are depicted by different superscripts (day 14: a, b; day 19:
x, y) whereas differences between day after transfer within a group are indicated by an
asterix (*).
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Figure 4 – Immunohistochemical localization of SLC2A1 in endometrium from cycling
(C: days 7, 14, 21) and pregnant (P: days 7, 14, 21 and 28) horse mares and conceptuses
(days 14, 21 and 28). AC, allantochorion; YS, yolk sac; GE, glandular epithelium;
LE, luminal epithelium; S, stroma; TE, trophectoderm; En, endoderm; Me: mesoderm.
Bar=100 µm (endometrium); 50 µm (conceptus).
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tuses (Fig.4). Staining of both TR and EN was stronger after synchronous than
asynchronous ET (Fig.5).

4.4 Discussion

Glucose is the main energy substrate for post-blastocyst embryo and placental
development, and transporters are required to ensure sufficient glucose reaches the
conceptus. The array of glucose transporters (facilitative and sodium-dependent)
expressed in the endometrium and conceptus membranes during early pregnancy
differs between species. Our study indicates that SLC2A1 and SLC2A3 are the
most highly expressed glucose transporters in equine endometrium and conceptus
membranes during early pregnancy. Moreover, asynchronous ET suggests that
endometrial SLC2A1 upregulation depends on a combination of progesterone-
priming and conceptus signalling. Surprisingly, SLC2A1 protein expression in the
endometrium from pregnant mares appears to become less abundant from day 7
to day 28. In conceptus membranes, a wide range of glucose transporters was
expressed during days 14-28; SLC2A1 protein was present in the apical part of
trophectoderm cells and in endoderm.

Glucose transporters in equine endometrium

SLC2A1 and SLC2A3 were the most highly expressed glucose transporters in
equine endometrium. SLC2A1 is the predominant glucose transporter in human
and mouse endometrium, where it is essential for decidualization [80, 81]. In sheep,
SLC2A1 is up-regulated by maternal P4 and conceptus factors, including IFNτand
prostaglandins [59, 86]. In the horse, it appears that SLC2A1 expression is also
stimulated by conceptus factors following an obligatory period of progesterone-
priming, since SLC2A1 expression increased after day 7 of pregnancy, but not
dioestrus, and was lower after asynchronous (shorter period of progesterone prim-
ing, but less developed conceptus) than synchronous ET. The delayed upregulation
of endometrial SLC2A1 after asynchronous ET may limit glucose provision and
contribute to delayed conceptus development, or be a result of developmental de-
lay. The reduced intensity of SLC2A1 staining in endometrium recovered on days
21 and 28 of gestation was unexpected but may indicate a less significant role for
this transporter after conceptus fixation, at around day 16, and establishment of
a more stable contact between an increasingly vascularized yolk-sac and a more
restricted area of endometrium. SLC2A3 has previously been described at the
fetal-maternal interface in man, mouse, rat, cattle and horse [76, 79, 206, 214,
230]. In horses, SLC2A3 was localized to the microcotyledonary microvillus junc-
tion (i.e. TR and endometrial LE) from day 100 [75, 230]. SLC2A3 expression
during the oestrous cycle and early pregnancy suggests that it is also involved in
glucose transport during early equine gestation. While SLC2A4 was previously
detected in bovine endometrial LE and GE during pregnancy [76], and shown to be
P4-responsive in ovine endometrium [86], our data (peak on day 14 of dioestrus)
suggest that it is not upregulated by the conceptus or by more extended proges-
terone priming and, is therefore unlikely to play a major role during early horse
pregnancy.
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Figure 5 – Immunohistochemical localization of SLC2A1 in equine endometrium and
conceptus membranes recovered on days 14 and 19 of conceptus development after em-
bryo transfer to a synchronous or asynchronous (-5 days) recipient mare. Bar=100 µm
(endometrium); 50 µm (conceptus). Supp. Fig. 1. Equine conceptuses, (A) day 7 blas-
tocyst with an inner cell mass; (B) embryonic disc of a day 14 conceptus; (C) embryo
proper on day 21 and (D) day 28 embryo surrounded by vascularized membrane.

66



main January 7, 2019 19:43 Page 67 �
�	

�
�	 �
�	

�
�	

Chapter 4 Glucose transporter expression during early pregnancy

Endometrial expression of the fructose transporter, SLC2A5, differs markedly
between species. Endometrial SLC2A5 increased during pregnancy under the
influence of conceptus prostaglandins in sheep [59, 179], and under the influence
of P4 in the pig [192], whereas it was down-regulated during cattle pregnancy [68].
The low SLC2A5 expression in equine endometrium may reflect the likelihood that
ULF fructose is primarily derived from conceptus metabolism of glucose. In this
respect, Forde et al. proposed that low endometrial SLC2A5 expression would
minimize fructose uptake by uterine tissues, and thereby maximize availability for
the conceptus [68].

In human and murine endometrial stroma, SLC2A8 and SLC2A10 expression
increase during decidualization [2, 80]. Moreover, because decidualization is in-
complete in SLC2A8 -/- mice, it has been suggested that SLC2A8 is required to
prepare the endometrium for implantation [2]. While ruminants and horses have
non-invasive placentae that do not exhibit decidualization, SLC2A8 and SLC2A10
have also been postulated to help prepare the endometrium for implantation [27,
62]. While SLC5A1 was the only sodium-dependent glucose transporter expressed
in equine endometrium, expression decreased on day 28 of pregnancy. In other
species, endometrial SLC5A1 rises during pregnancy under the influence of con-
ceptus IFNτ, PGE2 and PGF2α (sheep: [59, 86]) or oestrogens (pig: [193]) and
has been proposed to play a specific role in the endometrium of species with an
extended pre-implantation.

We propose that SLC2A1 and SLC2A3 are the primary contributors to ULF
glucose provision during the first 28 days of equine pregnancy, while SLC2A4,
SLC2A8, SLC2A10 and SLC5A1 could further support glucose transport and per-
haps play additional or alternative roles in the endometrium.

Glucose transporters in equine conceptus membranes

SLC2A1 in the basolateral membrane of trophoblast and inner cell mass (ICM)
of pre-implantation human, mouse, rat, rabbit, cow, and pig embryos, has been
proposed to transport glucose from the trophoblast into the ICM and blastocoele
cavity [17, 105, 147, 152, 160, 205, 206]. We found SLC2A1 in the apical part of
equine trophectoderm cells and in the endoderm. In human placenta, SLC2A1 was
likewise located primarily on the apical membrane of syncytiotrophoblast and cy-
totrophoblast cells [122], while ovine conceptuses displayed abundant SLC2A1 in
the endoderm [86]. The trophectodermal-endodermal location of SLC2A1 suggests
a role in transporting glucose into the YS, while the reduced SLC2A1 abundance
after asynchronous ET could either contribute to or result from delayed conceptus
development [91]. In the mouse, rat, rabbit, sheep and cow, SLC2A3 is predom-
inantly located in the apical membrane of trophectoderm cells and is thought to
transport glucose into the conceptus from the ULF [17, 86, 147, 152, 160, 206].
During late gestation in the horse, SLC2A3 is also present on the apical mem-
brane of trophoblast cells [230]. We propose that SLC2A1 and SLC2A3 transport
glucose into the YS and allantoic fluids of early horse conceptuses.
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SLC2A2 has previously been reported in murine and bovine embryos [17, 105,
152, 160]. Here, we detected SLC2A2 expression in equine conceptuses, with a
peak on day 21. A similar increase between days 14 and 19 after ET was absent
in conceptuses developing in an asynchronous uterus, most probably because of
the associated delay in development [91]. The peak of SLC2A2 expression roughly
coincides with the time of blastocyst capsule attenuation and disintegration [151].

The fructose transporter, SLC2A5, has been previously reported in 8-16 cell
bovine embryos [17] and in day 25 porcine chorion [192]; we found it also to be
expressed in equine conceptuses. The horse conceptus synthesises large amounts
of fructose, with fructose concentrations increasing first in yolk-sac fluid (days
11-15) and then the ULF (days 14- 20: [35, 174, 235]). In ewes, conceptus fruc-
tose production appears to be independent of glucose concentrations in maternal
or fetal blood [115], but it is not clear how important fructose is to the concep-
tus. However, Kim et al. [115] demonstrated that porcine trophectoderm cells
generate hyaluronic acid from fructose via the hexosamine metabolic pathway,
which is important during the formation of the fetal-placental stroma; moreover,
various enzymes involved in glucose to fructose conversion (aldose reductase and
sorbitol dehydrogenase) and fructose metabolism (ketohexokinase) are expressed
by porcine conceptus membranes [192]. Moreover, fructose can stimulate cell pro-
liferation and mRNA translation via the mTOR pathway [29]. Given the long
equine pre-implantation period when the conceptus is entirely dependent on nu-
trients present in the ULF and yolk-sac fluids, fructose could be important for
simply maintaining conceptus growth and development; which might explain the
high SLC2A5 expression in horse conceptus membranes. Indeed, retarded concep-
tuses recovered after asynchronous ET showed an unexpected increase in SLC2A5
expression from day 14 to 19, which could represent a response to compensate or
ameliorate the developmental delay.

Expression of the insulin-responsive transporter SLC2A4 was low, but SLC2A8
expression was high. SLC2A8 was previously described in mouse and rabbit blasto-
cysts and bovine embryos from the 2-4 cell stage [17, 147, 160]. To our knowledge,
this is the first report of early conceptus SLC2A10 expression. However, SLC2A10
has been described as a low Km, high affinity transporter in human placenta. The
sodium-dependent / active transporters, SLC5A1 and SLC5A11, were expressed
in equine conceptuses and have previously been reported in ruminant trophecto-
derm and endoderm [17, 86]. Their role in conceptus glucose transport is however
controversial, and it has been suggested that they may fulfil alternative functions
such as water and ion transport [17].

In conclusion, we show that a variety of glucose transporters are transcribed in
equine endometrium and conceptus membranes. SLC2A1 and SLC2A3 are likely
to be major glucose transporters during early pregnancy since they are highly
expressed in both endometrium and conceptus membranes. Glucose transport
may be further augmented by SLC2A4, SLC2A8, SLC2A10 and SLC5A1 in the
endometrium and SLC2A2, SLC2A5, SLC2A8, SLC2A10, SLC5A1 and SLC5A11
in conceptus membranes; although some of these transporters may have alternative
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roles in the preparation for implantation. Additionally, the fructose transporter
SLC2A5 is highly expressed in the conceptus and presumably involved in reuptake
of fructose synthesized from ULF glucose, to support further development. Finally,
it appears that endometrial SLC2A1 expression is stimulated by conceptus factors,
after a period of progesterone priming. Delayed upregulation of SLC2A1 in the
endometrium may contribute to retarded development of conceptuses transferred
into a negatively asynchronous uterus.
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Supplementary Material

Table S1 – Glucose transporter expression in the endometrium, conceptus and placental tissues of different species: Bo, bovine; Eq, equine;
Ov, ovine; H, human; Ms, mouse ; P, porcine; Rb, rabbit; Rt, rat. [17, 59, 69, 77, 79, 81]
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Figure S1 – Equine conceptuses, (A) day 7 blastocyst with an inner cell mass; (B)
embryonic disc of a day 14 conceptus; (C) embryo proper on day 21 and (D) day 28
embryo surrounded by vascularized membrane.

Table S2 – Degree of staining intensity for SLC2A1 in the endometrium of cycling
and pregnant mares and in conceptus membranes between days 7 and 28, and after
asynchronous and synchronous embryo transfer on days 14 and 19 of pregnancy. SLC2A1
was not detected in embryonic mesoderm -, No staining; +, weak staining; ++, moderate
staining; +++, strong staining.
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Abstract

Introduction: The insulin-like growth factor (IGF) system comprises two
growth factors, IGF1 and IGF2, the action of which is mediated by IGF
receptors and can be further regulated by IGF binding proteins. In many
species, IGF system components play important roles in preparing the en-
dometrium for implantation and regulating conceptus growth and develop-
ment.
Methods: To determine whether the IGF system contributes to equine
conceptus-maternal interaction during the pre-implantation period (first 40
days), we first evaluated mRNA expression for IGF system components in
conceptus membranes and endometrium recovered from pregnant and cy-
cling mares on days 7, 14, 21 and 28 after ovulation. We then investigated
expression of IGF1, IGF2 and their receptors 6 and 11 days after transfer
(ET) of day 8 embryos to synchronous (day 8) or asynchronous (day 3) re-
cipient mares.
Results: Expression of IGF1 and IGF2, IGF1R, IGF2R and INSR and
IGFBPs 1, 2, 4 and 5 was evident in endometrium and conceptus mem-
branes during days 7-28. Endometrial expression of IGF2, INSR, IGFBP1
and IGFBP2 increased between days 7 and 28 of pregnancy. In conceptus
membranes, expression of all IGF system components examined increased
with stage of pregnancy. Immunohistochemistry revealed that IGF1, IGF2
and IGF1R proteins were strongly expressed in the endometrium and con-
ceptus membranes, whereas INSR was highly expressed in endometrium but
almost undetectable in the conceptus. Finally, a negatively asynchronous
uterine environment retarded expression of IGF1, IGF2 and INSR in the
conceptus, whereas in the endometrium only INSR expression was altered
by embryo-uterine asynchrony.
Discussion: The presence of IGFs, their receptors and IGFBPs in the
endometrium and conceptus membranes during early equine pregnancy sug-
gests a role in preparing the endometrium for implantation and stimulating
conceptus growth and development.
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5.1 Introduction

The insulin-like growth factor (IGF) system is thought to play important roles
in the endometrial adaptations required for successful implantation, and in em-
bryo and placental growth and development during pregnancy. The IGF system
comprises two major growth factors, IGF1 and IGF2, which regulate cellular dif-
ferentiation, growth, migration, proliferation and inhibit apoptosis via various
paracrine and autocrine pathways [15]. The action of the IGFs is mediated by
the IGF receptor type 1 (IGF1R) and the insulin receptor (INSR), whereas the
IGF receptor type 2 (IGF2R) regulates IGF2 availability by internalization and
degradation [15, 32]. The functions of IGF1, IGF2 and IGF1R have been stud-
ied extensively in murine pregnancy, during which deletion of any one of these
components leads to fetal growth retardation and reduced placental size [14, 19,
161]. Moreover, IGF1 is thought to regulate placental nutrient exchange [14, 111].
The IGFs also have high affinity for the IGF binding proteins 1-6 (IGFBP1-6),
where the IGFBPs regulate IGF1 and IGF2 availability by binding to them in a
way that extends their circulatory half-life either by sequestration or by regulating
their release to the receptors in target tissues [15, 149]. In the endometrium of
women [14, 161, 175], rodents [19] and ruminants [167, 168, 170, 178, 186], all
members of the IGF system are expressed, and the system is thought to stimulate
endometrial cell differentiation via paracrine and autocrine pathways and thereby
aid preparation for implantation [136, 175].

Expression of some members of the IGF family has been studied during early
equine pregnancy. IGF2 mRNA expression has been reported in equine placen-
tal membranes and the fetus between days 20 and 150 of gestation, having first
appeared in the vascularized extra-embryonic mesoderm of the day 20 conceptus
[130]; the authors speculated that IGF2 might help promote invasiveness of the
trophoblast cells in the chorionic girdle and be involved with more general de-
velopment of the placenta. Furthermore, IGF2 is an imprinted gene known to
be paternally expressed in equine trophoblast, and therefore proposed to stim-
ulate conceptus growth [220]. Reports of IGF2 expression in the endometrium
are contradictory in that an early study failed to detect IGF2 during the first
half of pregnancy [130], whereas a subsequent article reported expression of IGF2
mRNA from day 11 of pregnancy [222]. IGF1 has been reported to be secreted
by both equine endometrium and the conceptus and is detectable in the uterine
luminal fluids (ULF), the endometrium and the blastocoel cavity [219]. From as
early as day 8 of pregnancy, IGF1 mRNA is expressed in the endometrium and
the conceptus [31, 222], while the protein has been detected in the trophectoderm
and endoderm of day 12 conceptuses [31] as well as in the placental microcotyle-
dons during the second half of gestation [16]. Although IGF1 expression by en-
dometrium and/or conceptus was not affected by treatment with the progestogen
altrenogest in vivo, or by estradiol (E2) and progesterone (P4) stimulation in vitro
[219, 222], the high concentrations of IGF1 detected during early equine pregnancy
suggest that it may have a function during this period. Arai et al [16] suggested
that IGF1 may be involved in placentation because IGF1 expression in the mi-
crocotyledons increased at the time of chorioallantoic-endometrial interdigitation.
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Recently, transcriptomic studies have indicated that mRNA for other members
of the IGF system are expressed in early equine conceptus membranes and preg-
nant endometrium. In the endometrium, IGFBPs 1-3 were up-regulated on day
12 compared to day 8 of pregnancy [140], while IGFBP1 expression was higher
on day 13.5 of pregnancy than the equivalent day of the oestrous cycle [120]. In
the conceptus, IGF1R and IGF2R were up-regulated between days 8 and 12 of
pregnancy and IGFBP 2, 4 and 6 expression increased between days 8 and 14
[119]. IGF2R, a maternally expressed imprinted gene, is expressed in the equine
trophoblast [220] and detected in blastocoel fluid and culture medium conditioned
by day 9 and 10 equine conceptuses [200]. Soluble IGF2R is an important carrier
of IGF2 and mannose 6-P proteins during pregnancy, and serves as an antagonist
to the cellular receptor by opposing the growth stimulating effects of IGF2 [180].

Equine pregnancy is characterized by a long pre-implantation period, with
fixation of the conceptus occurring around days 16 after ovulation, but true inter-
digitation between the trophoblast and the endometrial epithelium only starting
at around day 40 of gestation [6]. Another interesting characteristic of horse preg-
nancy is the ability of the equine embryo to tolerate an unusual degree of negative
uterine asynchrony (i.e. being transferred to the uterus of a recipient that ovulated
after the donor mare). Although increasing the degree of negative asynchrony up
to 5 days does not seem to interfere with the establishment of pregnancy, it does
cause a delay in subsequent conceptus development visible at anatomical, tran-
scriptomic, cellular and tissue levels [91, 226, 227]. This makes asynchronous
embryo transfere (ET) an interesting model for examining factors proposed to be
involved in conceptus-maternal dialogue during the establishment of pregnancy
and preparation for implantation. While P4 secreted by the corpus luteum is
not the only factor responsible for stimulating the endometrium to prepare for
its roles in implantation and support of conceptus development [188], it is one of
the most important. Following a negatively asynchronous ET, the duration of en-
dometrial exposure to P4 is shorter than following a synchronous transfer for any
given embryonic stage. While this abbreviated period of endometrial P4 priming
undoubtedly contributes to subsequent retarded conceptus development, it is not
yet clear how the conceptus senses the stage of the endometrium and consequently
adapts its development, or which factors or signals regulate this interaction [91].

Given the importance of the IGF system for preparing the endometrium for im-
plantation and for regulating conceptus growth and development across a range of
mammalian species, and the unusually long pre-implantation period in the horse,
we hypothesised that IGFs, their receptors and binding proteins would be involved
in equine conceptus-maternal interaction and contribute to the growth retardation
evident in embryos transferred into an asynchronous uterus. To investigate these
hypotheses, we first investigated the expression of members of the IGF system
in the conceptus membranes and endometrium from pregnant and cycling mares.
This was followed by examination of changes in expression after transfer of day 8
embryos into the uterus of synchronous (day 8) or negatively asynchronous (day
3) recipient mares.
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5.2 Material and Methods

5.2.1 Animals

Animal procedures were approved by Utrecht University’s Animal Experimen-
tation Committee (permits 2007.III.02.036 and 2012.III.02.020). Material was
recovered from two groups of 18 (study 1) and 22 (study 2) warmblood mares,
aged 4-15 years and maintained on pasture. When the mares were in late oestrus,
follicle development was monitored daily transrectally using an ultrasound scan-
ner equipped with a 7.5-MHz transducer (MyLab30Vet; Esaote, Maastricht, The
Netherlands). When pregnancy was required, oestrous mares with a dominant
follicle ≥ 35 mm were inseminated every other day with ≥ 500 x 106 sperm cells
from a fertile stallion, until ovulation. Non-pregnant mares required as embryo
recipients or for endometrial biopsy, were monitored identically, but were not
inseminated. For ET, the desired degree of (a)synchrony between donor and
recipient mares was ensured by using exogenous hormones to induce luteolysis
(PGF2α analogue: 37.5 mg D-cloprostenol; Genestranvet: Eurovet Animal Health
B.V., Bladel, The Netherlands) and ovulation (hCG: 1500 IU Chorulon; Intervet,
Boxmeer, The Netherlands). Day 7 or 8 pregnancy was confirmed by blastocyst
recovery during uterine lavage, whereas later conceptus presence was detected,
and development monitored, by transrectal ultrasonography.

5.2.2 Study design and tissue collection

Study 1 involved investigation of mRNA expression for IGF1, IGF2, IGF1R,
IGF2R, INSR, IGFBPs 1, 2, 4 and 5, and of protein expression for IGF1, IGF2,
IGF1R and INSR in conceptus membranes and endometrium collected during
early pregnancy (days 7, 14, 21 and 28) and across the oestrous cycle (days 7,
14 and 21 after ovulation). On days 14, 21 and 28, conceptus membranes (n=4
per group) were collected as described previously using an endoscopically-guided
net, after puncture of the membranes and aspiration of the conceptus fluid with
a sharpened PTFE catheter [55]. Endometrial biopsies were recovered from the
base of a uterine horn using uterine biopsy forceps on days 7, 14 and 21 after
ovulation in cycling mares, and days 7 and 14 in pregnant mares; on days 21 and
28 of pregnancy, the biopsy was recovered from the site of previous conceptus
apposition (visible as a hyperaemic area adjacent to the recovered membranes)
under endoscopic guidance (n=4 per group).
Study 2 investigated the effect of asynchronous ET on endometrial and conceptus
expression of IGF1, IGF2, IGF1R, IGF2R and INSR expression. Twenty day 8
blastocysts were collected from donor mares by uterine lavage and transferred to
synchronous (day 8; ovulated on the same day as the donor) or asynchronous (day
3; ovulated 5 days after the donor) recipient mares as described previously [91].
Resulting conceptuses (n=5 per group) were recovered 6 or 11 days after ET (day
14 or 19 of conceptus development), and an endometrial biopsy (n=5 per group)
was recovered from the base of a uterine horn (day 6 after ET) or at the site of
conceptus apposition (day 11 after ET).
After recovery and washing in 0.9 % NaCl, the embryonic disc (day 14) or embryo
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proper (day 19, 21 and 28) were dissected from the membranes (yolk sac; YS)
using a stereomicroscope (Olympus SZ-ST; Olympus, Tokyo, Japan); for day 28
conceptuses, the YS and allantochorion (AC) were separated. All tissues were then
divided; one piece was snap-frozen in liquid nitrogen and stored at -80°C prior to
RNA extraction, while the other piece was fixed overnight in 4% paraformaldehyde
before embedding in paraffin in preparation for immunohistochemistry.

5.2.3 RNA extraction and cDNA synthesis

Total RNA was extracted using the AllPrep DNA/RNA/Protein Mini kit following
the manufacturers’ instructions (Qiagen, Venlo, The Netherlands). Samples (30
mg) were homogenized in 600 µl lysis buffer and RNA was eluted with 40 µl
RNAse-free water. cDNA synthesis was performed on 1 µg of DNASE I treated
RNA (37°C and 10 min at 65°C; 1 IU/µg; RNase-free DNase kit; Qiagen) using
Superscript III (Invitrogen, Landsmeer, The Netherlands) in a final volume of 20
µl.

5.2.4 Quantitative RT-PCR

QRT-PCR was performed as described previously [91]. Briefly, the product speci-
ficity of the primer pairs (Eurogentec: Seraing, Belgium) was assessed by DNA
sequencing (ABI PRISM 310 Genetic analyzer; Applied Biosystem, Foster City,
USA). For each gene, a 10-fold serial dilution of the target gene PCR product,
of known quantity, was amplified simultaneously with the samples to produce a
standard curve and allow subsequent quantification. PCR was carried out in 15
µl reaction mixture containing 1 µl sample cDNA and iQ SYBR® Green Super-
mix, on an IQ5 real-time PCR system (Bio-Rad Laboratories; Veenendaal, The
Netherlands). Cycle conditions were: 3 min denaturation at 95°C, followed by 40
cycles of amplification (15 s at 95°C, 30 s at the primer-specific annealing tem-
perature and 30 s at 72°C). This was followed by 1 min at 95°C, 1 min at 55°C,
and finished with a melting curve. Product specificity was evaluated by assess-
ing the melting curve using iQ5 software, and starting quantities were quantified
using the standard curve. Relative gene expression was calculated as the ratio of
target gene mean expression to the geometric mean for the housekeeping genes
for endometrium (GAPDH, PGK1, HPRT1 and SRP14) or conceptus membranes
(GAPDH, HPRT1, PGK1 and SRP14), selected after stability evaluation using
GeNorm [212].

5.2.5 Immunohistochemistry

Immunohistochemistry was performed as described previously [92]. Briefly, 5 µm
sections cut from paraffin-embedded tissue were mounted on SuperFrost® Plus
slides (VWR International, Leuven, Belgium). After the deparaffinization and re-
hydration steps, a 1% H2O2 solution in methanol was used to block endogenous
peroxidase activity. Antigen retrieval was performed by microwaving (750 W) the
sections for 15 min in pre-heated Tris/EDTA-buffer for IGF1, IGF1R and IGF2
(0.01 M Tris; 0.001 M EDTA; 0.05% Tween-20; pH 9.0) or with citrate buffer for
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INSR (10 mM citric acid; pH 6.0). Slides were cooled to room temperature (RT)
over 30 min and rinsed in PBS-Tween (PBST; 0.05% Tween-20 in PBS: 3 x 5
min). To block non-specific binding, the sections were incubated for 15 min with
goat serum, for IGF1, IGF1R and INSR (1:10 in PBS), or rabbit serum for IGF2
(1:10 in PBS). Next, sections were incubated at 4°C overnight with the specific
antibody (Table 1) and, after rinsing with PBST, sections were incubated with
the specific second antibody diluted 1:250 for 30 min at RT (Table 1). Sections
were then incubated with Avidin-Biotin-Complex (ABC)-peroxidase for 30 min
(Vectastain® ABC Kit, PK-4000; Vector Laboratories), followed by a 10 min
incubation in freshly prepared 3,3’-diaminobenzidine tetrahydrochloride (45 ml
0.05 M Tris/HCl, pH 7.6; 5 ml DAB and 5 µl H2O2), and counterstained with
haematoxylin for 30 s. Finally, the sections were dehydrated and mounted under a
coverslip with Eukitt�Mounting Medium (Electron Microscopy Systems, Hatfield,
USA). Imaging was performed using an Olympus BX60 microscope coupled to a
digital camera (Leica DFC425C) and Leica LAS-AF software. For negative con-
trols, the primary antibody was substituted with purified immunoglobulin (IgG;
Table 1).

Table 1 – List of antibodies and IgGs used for immunohistochemistry and dilutions. All
primary antibodies were obtained from Huissen, The Netherlands. IgG, immunoglobulin.

5.2.6 Statistical analysis

Data were analyzed using SPSS 20 for Windows (SPSS Inc., Chicago, IL, USA).
QRT-PCR data was log transformed to yield normally distributed data sets. En-
dometrial gene expression was then analyzed by two-way ANOVA, followed by
post-hoc Tukey testing. If a significant interaction between pregnancy status and
stage of pregnancy/cycle was apparent, data were sub-divided according to status
or stage and reanalyzed by one-way ANOVA. Conceptus membrane gene expres-
sion was analyzed by one-way ANOVA with post-hoc Tukey testing. Data from
the ET study was analysed by two-way ANOVA to investigate effects of pregnancy
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stage and synchrony; significant effects were verified by independent T-tests. Sta-
tistical significance was assumed when P <0.05.

5.3 Results

5.3.1 mRNA expression of IGF system components in the
endometrium of cycling and pregnant mares

IGF1 and IGF2R expression was stable across the oestrous cycle and early preg-
nancy (Fig.1). Expression of IGF2 was stable during the cycle, but increased
between days 7 and 14 and again between days 21 and 28 of pregnancy (P <0.001
and P <0.05, respectively; Fig.1). IGF1R expression increased only between days
7 and 14 in both cycling and pregnant mares (P <0.05; Fig.1). INSR expression
increased after day 7 of pregnancy (P <0.001), and was twice as high on day 21 of
pregnancy as day 21 of the cycle (i.e. oestrus; P <0.01; Fig.1). IGFBP1 expres-
sion decreased between days 14 and 21 of the cycle (P <0.05), and increased after
day 7 of pregnancy (P <0.01). IGFBP1 expression was higher in endometrium
from pregnant mares than that of mares in oestrus (day 21 of the cycle) (P <0.001;
Fig.1). Conversely, IGFBP2, IGFBP4 and IGFBP5 were more highly expressed
in endometrium from day 21 cycling (oestrus) than pregnant mares (P <0.05;
Fig.1). Nevertheless, IGFBP2 expression increased between days 14 and 28 of
pregnancy (P <0.01).

5.3.2 mRNA expression of IGF system components in early
equine conceptus membranes

The mRNA expression for all the genes studied increased with the advance of
early pregnancy in both YS and AC. IGF1, IGF2, IGF1R and INSR mRNA
levels increased after day 14 of pregnancy (P <0.05; Fig.2). IGF2R expression
also increased after day 14 of pregnancy (P <0.05) and increased further between
days 21 and 28 in YS membranes (P <0.01; Fig.2). IGFBP1 was more highly
expressed in YS on days 21 and 28 compared to all other conditions (P <0.01;
Fig.2). IGFBP2 and IGFBP5 expression increased after day 14 of pregnancy in
YS and AC (P <0.001; Fig.2). IGFBP4 expression increased in the YS between
days 7 and 14 (P <0.01), and days 14 versus day 21 (P <0.05) and day 28 (P
<0.01; Fig.2).

5.3.3 Localization of IGF system proteins in equine
endometrium

Immunostaining for IGF1 was detectable in the cytoplasm of luminal epithelial
cells (LE) and glandular epithelial cells (GE; Fig.3) in endometrial samples from
all cycling and pregnant mares. During the cycle, a strong signal was detected in
the basal part of the LE on day 14, whereas on day 21 (oestrus) the signal was
mainly detected on the apical aspect of the LE (Fig.3). During pregnancy, IGF1
was abundant in the GE and LE on day 21 of pregnancy, whereas on day 28 IGF1
staining was mainly localized to the apical side of the LE. IGF1 protein was not

80



main January 7, 2019 19:43 Page 81 �
�	

�
�	 �
�	

�
�	

Chapter 5 The IGF system during early pregnancy

detected in the stroma (Fig.3). IGF2 immunostaining was weak on day 7 of the
cycle but subsequently increased in the LE, GE and stroma. On days 7 and 14 of
pregnancy, weak IGF2 staining was evident in the LE, GE and the stroma (Fig.3).
From day 21 of pregnancy, moderate IGF2 staining was detected in the LE and
stroma (Fig.3). IGF1R protein was localized to the GE, stroma and the LE with
strong staining apparent in the basal part of the LE on day 7 of the cycle and
pregnancy (Fig.3). By day 21, the staining was more diffuse within the LE, GE
and stroma, with a stronger intensity in endometrium from pregnant mares. On
day 28, IGF1R staining was stronger in the apical and basal aspects of the LE.
INSR was abundant in the GE on day 7 but staining intensity had reduced by
days 14 and 21 when some staining appeared in the LE (Fig.3). On day 28 of
pregnancy, INSR expression was not detectable in the GE, but was moderately
intense in the LE (Fig.3).

Figure 1 – Relative gene expression (mean ± s.e.m) for IGF1, IGF2, IGF1R, INSR,
IGF2R, IGFBP1, IGFBP2, IGFBP4 and IGFBP5 in equine endometrium from cyclic
(white bars) or pregnant mares (grey bars) on various days after ovulation. Values are
calculated as the ratio of the target gene mean value to the geometric mean for the
reference genes GAPDH, PGK1 and SRP14. Significant differences between condition
(cyclic versus pregnant) within the same day are indicated by an asterisk (P <0.05), while
differences between days are denoted by different superscripts (cycle: a, b; pregnancy; x,
y, z; P <0.05).
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Figure 2 – Relative gene expression (mean ± s.e.m) for IGF1, IGF2, IGF1R, INSR,
IGF2R, IGFBP1, IGFBP2, IGFBP4 and IGFBP5 in equine conceptus membranes (yolk
sac: YS; allantochorion: AC) on different days of pregnancy. Values are calculated as
the ratio of the target gene mean value to the geometric mean for the reference genes
GAPDH, HPRT1, PGK1 and SRP14. Significant differences between pregnancy stages
are denoted by different superscripts (x, y, z; P <0.05).

5.3.4 Localization of the IGF system proteins in early equine
conceptus membranes

IGF1 was detected from day 14 of pregnancy in trophectoderm (Te) and endoderm
cells (En) and staining intensity increased in the apical part of the Te on days 21
and 28 (Fig.4). Furthermore, IGF1 stained nucleated cells were present within
the blood vessels from day 21. IGF2 immunostaining was moderate in Te and
En cells at all stages. IGF2 protein was more abundant on day 21 of pregnancy,
from when it could also be detected in the mesoderm (Me). By day 28, the signal
was strongest in the apical part of the Te (Fig.4). IGF2 was not detected in
endothelial cells. IGF1R protein staining was intense in the En and apical part
of the Te, with weak staining appearing in the endothelium from day 21. On day
28, the staining of the En remained strong in the YS but was weaker in the AC
(Fig.4). Finally, staining for INSR was absent on days 14 and 21 and only weak
staining was detected in the En and Me of day 28 YS and in the Te of AC (Fig.4).
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Figure 3 – Immunohistochemical localization of IGF1, IGF2, IGF1R and INSR in
endometrium from cyclic (C: days 7, 14 or 21) and pregnant (P: days 7, 14, 21 or 28)
horse mares. NC, negative control. LE, luminal epithelium; GE, glandular epithelium;
St, stroma. Bar = 50 µm.

Figure 4 – Immunohistochemical localization of IGF1, IGF2, IGF1R and INSR in
equine conceptus membranes on days 14, 21 and 28 of pregnancy (YS, yolk sac; AC,
allantochorion). Te, trophectoderm; En, endoderm; Me, mesoderm; BC, blood cells; Et,
endothelium. Bar = 50 µm.
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5.3.5 Impact of asynchronous ET on IGF system component
expression

In the endometrium, only INSR expression was affected by asynchronous ET
(Fig.5a), with expression higher 6 days after asynchronous than synchronous ET
but lower 11 days after asynchronous ET (day 19 of embryo development). In
addition, while INSR expression increased with the progression of pregnancy in
synchronous ET, it decreased between days 14 and 19 in asynchronous pregnancies
(Fig.5a).
In a previous study, we showed that the expression of the placental imprinted
genes IGF2, INSR and IGF2R was affected by asynchronous ET [91]. In the
present study, we found that IGF1 and IGF1R expression was also affected by
asynchronous ET. On day 14 of conceptus development, IGF1 was more highly
expressed after synchronous than asynchronous ET, with expression increasing
between days 14 and 19 in both groups (P <0.05; (Fig.5b). IGF1R and INSR
expression increased between days 14 and 19 of conceptus development after both
synchronous and asynchronous ET (P <0.05) and, on day 19, expression for INSR
was higher in synchronous than asynchronous conceptuses (P <0.001; (Fig.5b).
IGF2 was highest on day 19 of synchronous pregnancy (P <0.01; Fig.5b). Finally,
IGF2R mRNA transcript increased between days 14 and 19 only in synchronous
conceptus membranes (P <0.05; Fig.5b).

5.4 Discussion

In this study, we show that most of the IGF system components are expressed,
and differentially regulated, in the endometrium of cycling and pregnant mares
and in conceptus membranes between days 7 and 28 of pregnancy. Transcripts of
IGF1,IGF2, IGF1R, IGF2R and INSR and IGFBPs 1, 2, 4 and 5 were detected
in the endometrium and in conceptus membranes. In addition, IGF1, IGF2 and
IGF1R protein were strongly expressed in the endometrium and the conceptus,
whereas INSR was expressed primarily in the endometrium. Placing an embryo
in an asynchronous uterus retarded the upregulation of gene expression for IGF1,
IGF2 and INSR in the YS membrane, but altered only the gene expression profile
of INSR in the endometrium.

Previous publications reported that IGF1 was measurable in uterine fluids
(97.5 ng), the endometrium (2 ng) and in the blastocoel fluid (1.26 ng; [219])
during early equine pregnancy, and that both mRNA and protein were detectable
in the endometrium and placental membranes [31, 222]. We confirmed that IGF1
is produced by the endometrium and the conceptus between days 7 and 28 of
pregnancy. However, equine endometrial expression of IGF1 does not seem to
be stimulated by P4 or conceptus factors since mRNA levels were stable during
both the cycle and pregnancy and were not affected by uterine-conceptus asyn-
chrony. Similarly, in vivo studies using the synthetic progestogen, altrenogest, and
in vitro studies using natural P4 or E2, stimulation did not affect IGF1 expression
in equine endometrium [219, 222]. This contrasts to studies in mice and pigs, in
which E2 and P4 have both been shown to stimulate uterine IGF1 expression [38,
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Figure 5 – Relative gene expression (mean ± s.e.m) on days 14 and 19 of pregnancy af-
ter transfer of day 8 horse embryos to asynchronous (day 3: white bars) or synchronous
(day 8: grey bars) recipient mares, for INSR in the endometrium (A) and for IGF1,
IGF2, IGF1R, INSR, and IGF2R in the conceptus membranes (B). Values are calcu-
lated as the ratio of the target gene mean value to the geometric mean for the reference
genes (GAPDH, PGK1 and SRP14 for the conceptus, and GAPDH, HPRT1, PGK1 and
SRP14 for the endometrium). Significant differences (P <0.05) between group (asyn-
chronous versus synchronous) within the same day are depicted by different superscripts
(day 14: a, b; day 19: x, y) while pregnancy stage differences within a group are indicated
by an asterisk (*).
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185]. Although we did not see any increase in IGF1 mRNA expression, we did find
that IGF1 protein expression was relocated to the apical aspect of the luminal ep-
ithelium and the glandular epithelium during pregnancy. This suggests that IGF1
produced by the LE and the endometrial glands could be secreted more effectively
into the uterine lumen where it is better placed to influence conceptus develop-
ment. Alternatively, IGF1 produced in the GE could act in a paracrine fashion
on IGF1R expressed in surrounding endometrial cells to stimulate uterine func-
tion to indirectly support conceptus development [168]. In conceptus membranes,
IGF1 mRNA and protein increased during pregnancy with expression evident in
the TE, En, and nucleated blood cells. In rabbit blastocysts, IGF1 has a mainly
mitogenic role inducing cell proliferation and growth, and promoting development
of the embryonic disc [148, 202].

In contrast to IGF1, IGF2 was not only expressed in the endometrium but its
expression did appear to be regulated by prolonged exposure to P4, or by concep-
tus factors, since IGF2 expression increased during pregnancy only. Intensity of
IGF2 protein staining also increased during pregnancy, and it was highly expressed
in the apical part of the LE on day 28 of pregnancy, which suggests that it could
be secreted into the uterine lumen to support conceptus growth. Previously, it
was reported that IGF2 was expressed only from day 20 of pregnancy in the vascu-
larized mesoderm, and that its expression increased in the AC after implantation
[130]. However, we found IGF2 to be highly expressed in the trophectoderm,
endoderm and mesoderm from day 14 of pregnancy. IGF2 could play a role in
equine conceptus growth and placentation and, in particular, it has been proposed
to play a role in cell migration and invasion because it is more highly expressed
in the invasive cells of the chorionic girdle than in non-invasive trophoblast prior
to implantation [130]; in this respect, IGF2 is known to stimulate trophectoderm
cell migration in sheep [114].

In equine endometrium, IGF1R expression increased on day 14 of the cycle and
pregnancy, whereas protein expression seemed more intense on day 21 in both con-
ditions, primarily in the stroma and the LE. It is possible that P4 is responsible for
stimulating IGF1R expression, as described for human endometrial stromal cells
[63], with protein expression maintained in day 21 cycling mares despite the return
to oestrus; alternatively, E2 produced by the follicle or early conceptus may play
a role in stimulating increased IGF1R expression following a period of P4 domi-
nance. The increased abundance of IGF1R during early pregnancy would increase
its availability for binding IGF1 and IGF2, and thereby promote mitogenic activ-
ity in the endometrium to help prepare for implantation [63]. Previously, Klein
et al [119] found that IGF1R was up-regulated in the early equine conceptus and,
here, we show that IGF1R is expressed in the apical part of the trophectoderm,
the endoderm, and in endothelial cells. IGF1 has a higher affinity for IGF1R than
IGF2, but both are apparently able to activate IGF1R in mouse embryos since
deletion of the receptor results in a more severe growth retardation than deletion
of either IGF1 or IGF2 [19, 57, 60, 73]. It is likely that both endometrial IGF1 and
IGF2 exert any actions on the equine conceptus via IGF1R [169]. Furthermore,
IGF1 was expressed by nucleated cells within the blood vessels while IGF1R was
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present in endothelial cells, therefore IGF1 could be involved in stimulating blood
vessel formation and development in equine conceptus membranes via the IGF1R,
as reported in other species [157, 201].

In this study, we found an increase in INSR expression during pregnancy with
stage-specific localization of the protein; initially, INSR was primarily detected in
glandular epithelium but, between days 21 and 28, expression switched to the lumi-
nal epithelium. In addition, INSR was also the only member of the IGF family to
be differentially expressed in endometrium between synchronous and asynchronous
pregnancies, with lower expression in asynchronous than synchronous pregnancies
on day 19 of conceptus development. This either means that INSR requires a
longer duration of P4 exposure for increased expression, or that factors expressed
by a more advanced conceptus are involved in stimulating or maintaining expres-
sion. In the rat, INSR is expressed in the LE and stromal cells and is upregulated
primarily in the LE at the site of implantation [121]. In women, INSR is expressed
in epithelial and stromal cells, and a treatment designed to mimic decidualization
in human endometrial cells induced INSR up-regulation [63, 85]. Since IGF2 has
a high affinity for both the INSR homodimer and the IGF1R/INSR heterodimer,
and the activation of these receptors by IGF2 triggers cellular proliferation and dif-
ferentiation [220], these results suggest that endometrial INSR plays an important
role in the preparation for implantation. While INSR mRNA was also detected in
conceptus membranes, protein levels were very low and detectable only on day 28
of pregnancy, suggesting that any direct role of INSR in conceptus development
occurs later in pregnancy.

Expression of the IGF2R and IGF2 genes in equine trophoblast have been
shown to be imprinted, with IGF2R preferentially expressed from the maternal
allele and IGF2 from the paternal allele [220]. Both are involved in regulating
conceptus growth and development, with deletion of IGF2R leading to placental
and fetal overgrowth whereas deletion of IGF2 leads to placental and fetal growth
restriction in mice [14, 49, 57, 73]. In equine conceptus membranes, IGF2R mRNA
was previously reported to be up-regulated between days 8 and 12 of pregnancy
[119], and IGF2R protein was expressed by day 9 and 10 conceptuses [200]. Our
results support these previous studies, with conceptus membrane IGF2R expres-
sion also increasing as pregnancy progressed. IGF2R presumably plays a role in
regulating IGF2 abundance to optimize fetal growth. On the other hand, it has
been reported that IGF2 is able to stimulate cell migration mediated via IGF2R in
bovine endothelial cells [213] and human extravillous trophoblast cells [139, 169].

IGFBP1 is one of the most studied IGFBPs during early pregnancy. In the
horse, P4 and conceptus secreted factors appear to stimulate endometrial IGFBP1
expression, and E2 to supress, since IGFBP1 increased during pregnancy but de-
creased between days 14 and 21 of the cycle (late dioestrus and oestrus). En-
dometrial IGBP1 has also been reported to be up-regulated between days 8 and
12 of pregnancy [140] and to be more highly expressed on day 13.5 of pregnancy
compared to the cycle [120], with the respective authors suggesting that IGFBP1
could regulate IGF1 trafficking between the endometrium and the uterine luminal
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fluid. Similarly, in ruminants IGFBP1 is stimulated by interferon-tau, P4 and
prostaglandins [59, 170, 179], and has been shown to stimulate ovine trophoblast
cell migration and attachment [179, 186]. In women, IGFBP1 is a major secretary
product of decidual cells, a marker for decidualization and involved with modu-
lation of trophoblast invasion [95, 149]. In equine pregnancy, IGFBP1 has been
proposed to play a role in conceptus-endometrium communication and in par-
ticular in modulating implantation by regulating trophoblast invasion [51, 179].
IGFBP2 mRNA levels increased during oestrus and later equine pregnancy (day
28), suggesting that its expression could be stimulated by E2 and/or the pres-
ence of the conceptus; IGFBP2 expression also increases during pregnancy in the
pig and responds to E2 and P4 in human endometrial cells. While IGFBP4 and
IGFBP5 were expressed in equine endometrium, they increased during oestrus
rather than pregnancy. In equine conceptus membranes, IGFBP1, 2, 4 and 5
mRNA expression increased during early pregnancy; however, protein expression
and localization is not yet known. Previously, IGFBP4 was found to be up-
regulated between days 8 and 12 of pregnancy [119], and the literature supports
the idea that elevated IGFBP1 in the fetus is linked to growth restriction [51, 73,
161], suggesting that IGFBP1 could help regulate IGF1 availability in the concep-
tus or directly affect placental development. The functions of IGFBPs 2, 4 and
5 have been less studied, but as they are expressed in the endometrium and the
conceptus, they presumably bind IGF1 and IGF2 and regulate their availability.

In the conceptus, IGF1, IGF2, IGF1R and INSR increased between days 14
and 19 after both synchronous and asynchronous ET, whereas IGF2R only in-
creased after synchronous ET. In addition, IGF2 and INSR were less expressed in
day 19 conceptuses after asynchronous than synchronous ET. The reduced IGF2
and INSR expression in conceptus membranes after asynchronous ET is presum-
ably a result of the associated delay in conceptus development. Interestingly,
INSR expression was lower in the endometrium of asynchronous mares, and this
decrease in INSR is presumably either a result of inadequate stimulation from the
retarded conceptus or may contribute to the delay of conceptus development. In
this respect, reduced availability of INSR could affect the ability of insulin and
the IGFs to activate pathways via their receptors and IGFBP1 [125].

In conclusion, members of the IGF system are highly expressed in both the
endometrium and conceptus membranes during early equine pregnancy and are
likely to play important roles in conceptus growth and development before im-
plantation and in preparing the endometrium to support implantation. IGF1 and
IGF2 are expressed in the endometrium and the conceptus and presumably exert
their effects via IGF1R and INSR/IGF1R in the endometrium and, preferentially,
IGF1R in the conceptus membranes which could stimulate cell proliferation and
differentiation. The expression of IGF1 and IGF1R in the conceptus membranes
and the presence of IGF1 protein in blood cells suggests a role in vasculariza-
tion and the development of endothelial cells. In the endometrium, while IGF1R
is abundant, increased INSR expression in the luminal epithelium on day 28 of
pregnancy implies a specific role in preparing for implantation.
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Abstract

Introduction: Growth and development of the pre-implantation horse con-
ceptus depends on histotrophic nutrition, where histotroph composition is
influenced by both luteal progesterone and conceptus-secreted factors. In-
terestingly, while significant embryo-uterine asynchrony is incompatible with
embryonic survival in most domestic species, the horse embryo can tolerate
up to 5 days of negative asynchrony, albeit with an obvious retardation of
development. Using asynchronous embryo transfer, we examined the effect
of the duration of endometrial exposure to progesterone in the presence of
a conceptus, on the transcriptome of the endometrium and conceptus mem-
branes during early equine pregnancy.
Methods: Day 8 embryos were transferred to recipient mares that either
ovulated on the same day (synchronous; n=8) or 5 days after (asynchronous;
n=8) the donor mare, and RNA sequencing (RNA-seq) was performed to
compare the transcriptome in endometrium and conceptus membranes re-
covered 6 and 11 days later (day 14 and day 19 of embryo development,
respectively; n=4 per group).
Results: A total of 15502 different transcripts were detected in endometrial
samples and 13591 in conceptus membranes. Almost five times as many
genes were differentially expressed in conceptus membranes (3473 genes) as
endometrium (715 genes), and the number of differentially regulated genes in
the former increased 5 fold between days 14 and 19 of pregnancy. Gene on-
tology analysis indicated the importance of endometrial angiogenesis during
early pregnancy by the enrichment in synchronous pregnancies of the cellu-
lar components ‘blood microparticles’, ‘inflammatory response’, ‘immunity’,
and ‘cellular response to vascular endothelial growth’, whereas cell adhesion
was down-regulated on day 19 of synchronous pregnancy. On day 19, syn-
chronous conceptuses showed enrichment of transcripts for the biological pro-
cesses ‘cell adhesion’, ‘cell migration’ and ‘inflammatory responses’, which
undoubtedly reflects the developmental changes occurring in the membranes
during the preparation for implantation. Only 14 genes were differentially
expressed between day 14 endometrium in the presence of a day 19 versus
a day 14 conceptus. Among these, kininogen 1 (KNG1) and IGFBP3 were
consistently up-regulated in the endometrium of synchronous compared to
asynchronous recipients. We further demonstrated that a major product
of KNG1, bradykinin, stimulates prostaglandin production (PGE2, 6-keto
PGF1α and PGF2α) in cultured trophectoderm cells.
Discussion: In conclusion, asynchronous ET delays conceptus development
and markedly alters the transcriptome of the bilaminar trophectoderm. This
suggests a very precise dialogue between the early conceptus and the en-
dometrium via which the conceptus can sense the endometrial stage and
alter (delay) its development accordingly. The marked changes in the en-
dometrial transcriptome observed as pregnancy progresses appear to be pre-
dominantly influenced by the duration of exposure to progesterone, with
the presence of a more advanced conceptus resulting in differential regu-
lation of only a small number of genes. Finally, the stimulatory effect of
bradykinin on prostaglandin release by equine trophectoderm cells suggests
an endometrial role in regulating conceptus prostaglandin production during
early equine pregnancy.
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6.1 Introduction

Early pregnancy in the horse encompasses a number of enigmatic or unique events.
Moreover, we do not yet fully understand how the horse conceptus signals to en-
sure maternal recognition of pregnancy or helps guide endometrial preparation
for implantation [199]. Equine pregnancy is characterized by an unusually long
pre-implantation period, with the conceptus becoming enveloped by an acellular
glycoprotein capsule soon after its arrival in the uterus on day 6.5 after ovulation
[78], and remaining unattached and mobile within the uterine cavity until day 16
of pregnancy [6, 94, 129, 151]. This mobility is thought to play an essential role in
maternal recognition of pregnancy (MRP), since restricting movement to a single
uterine horn results in failure to avert luteolysis [137]. During the normal estrous
cycle in the mare, luteolysis occurs between approximately days 14 and 16, as
a result of pulses of prostaglandin F2α (PGF2α) released from the endometrium
following the development of receptors for oxytocin [191, 195]. To prevent luteal
regression, the embryo must secrete its pregnancy recognition signal between ap-
proximately days 10 and 16 of pregnancy; however, the identity of this embryonic
signal remains unknown in the horse [118]. One of the major remaining questions
with regards to early equine pregnancy is thus the nature and/or identity of this
embryonic signal for MRP. On the other hand, it is increasingly accepted that
MRP in the mare involves transient suppression of the PGF2α release pathway, by
inhibition of prostaglandin-endoperoxidase-synthase 2 production (PTGS2, also
known as COX2; the rate-limiting enzyme in PGF2α synthesis) in pregnant com-
pared to cycling mares, allied to a delay in the upregulation of the endometrial
oxytocin receptors that form an important part of the oxytocin-PGF2α positive
feedback loop that helps drive generation of the large pulses of PGF2α required to
ensure luteolysis [54, 184, 191].

Recently, transcriptomic and proteomic analyses have helped us to better un-
derstand embryo-maternal interactions involved at the time of MRP in the mare.
These studies have compared the transcriptome of endometrium between cycling
and pregnant mares on days 8 and 12 [22, 140] or day 13.5 [120], among concep-
tuses on days 8, 10, 12 and 14 of pregnancy [119], and have looked at possible
relationships (e.g. ligand-receptor) between endometrium and conceptus tran-
scriptomes on day 16 [117]. Most recently, the proteomic profile of secretions from
day 9 and 10 blastocysts and of blastocoele fluid [200], and day 13 uterine luminal
fluid (ULF; cyclic and pregnant mares) and yolk sac (blastocoele) fluid have been
reported [187].

Overall, these studies have helped detect changes in the endometrium and the
ULF induced by the presence of a conceptus, and identified proteins secreted by the
endometrium or the conceptus into the ULF or conceptus fluids. Gene ontology
analysis for the endometrium has revealed an association with early pregnancy
of major biological processes including “angiogenesis/vascular remodeling” and
genes influenced by steroid hormones (estradiol: E2, and progesterone: P4) and
prostaglandin signaling [22], and genes related to cell communication, cell adhesion
and responses to stimuli [117]. In the conceptus, genes involved in developmental
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processes, and responses to external stimuli (hormones and endometrial factors)
were highly represented [117]. Other processes, such as “lipid biosynthetic pro-
cesses” and “fatty acid metabolic process” are also up-regulated during conceptus
development [119]. The proteomic profile revealed similar functional categories as
those indicated by the transcriptomic studies, including developmental processes,
“binding”, response to a stimulus and lipid and cholesterol activity [187, 200].

In clinical equine practice, embryo transfer (ET) has become commonplace,
and it has become clear that the horse embryo tolerates a surprising degree of
negative uterine asynchrony (i.e. the recipient mare ovulating after the donor).
Recipient mares ovulating between 1 day before and up to 5 days after the donor
have been reported to offer similar likelihoods of establishing pregnancy [108, 198].
Although day 7 to 10 horse embryos can be transferred to recipient mares that
ovulated up to 5 days after the donor without affecting embryo survival, concep-
tus’ development is delayed at the gene, cell, tissue and whole conceptus levels
[91, 226, 227]. Indeed, the embryonic disc (day 14) and the embryo proper (day
19) are smaller and less developed compared to conceptuses from a synchronous
environment [91]. In addition, we previously showed that the expression of im-
printed genes, glucose and amino acid transporters and components of the IGF
system are down-regulated in conceptus membranes after negatively asynchronous
ET [91–93]. In other species, such as the sheep and cow, an embryo-endometrium
asynchrony of only 2 days either retarded (negative asynchrony, i.e. uterus behind
embryo) or accelerated (positive asynchrony, i.e. uterus ahead) conceptus devel-
opment and was followed by a higher than normal incidence of pregnancy loss
[90, 162]. Similarly, elevated P4 concentrations in early pregnancy or an earlier
rise in progesterone resulting in an extended duration of endometrial P4-exposure,
both advance conceptus development, whereas reducing P4 concentrations delays
conceptus elongation [66, 127, 132, 162, 178]. P4 is a major player in endometrial
physiology and the regulation of functions required to establish ‘uterine receptivity
to implantation’, and can maintain or alter the uterine environment in ways crit-
ical to embryo development and growth, such as by regulating histotroph quality
and quantity [190, 236].

In the current study, day 8 embryos were transferred to recipient mares that
either ovulated synchronously (control) or 5 days after the donor (-5 day asyn-
chrony), and RNA sequencing (RNA-seq) was performed to compare the tran-
scriptome in endometrium and conceptus membranes recovered 6 and 11 days
after ET. In this model, the endometrium will have been exposed by an identi-
cal period of conceptus presence but, because of the asynchrony in the time of
ovulation, the period of prior endometrial exposure to P4 will be shortened in
the asynchronous recipients; this difference in duration of exposure to P4 can be
used to dissect the roles of progesterone and the embryo in regulating factors
involved in uterine preparation for implantation and embryo-maternal dialogue.
Two of the genes identified by the RNA-seq analysis as consistently up-regulated
in the endometrium of synchronous compared to asynchronous recipients, namely
kininogen 1 (KNG1 ) and insulin-like growth factor binding protein 3 (IGFBP3),
were selected for additional functional studies. We hypothesized that these two
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molecules contribute to uterine receptivity and help match conceptus development
to uterine stage.

6.2 Material and Methods

6.2.1 Animals and tissue collection

All animal procedures were approved by Utrecht University’s Animal Experimen-
tation Committee (permit number 2012.III.02.020). Material for the transcrip-
tomic analysis was collected from 22 warmblood mares, and used in a previous
study [91]; material for the in vitro experiments was harvested from an additional
5 mares. Mares were between 4 and 15 years of age and maintained on pas-
ture with ad libitum access to grass, hay and water. During oestrus, the mares
were monitored every other day by transrectal ultrasonography (MyLab30 ultra-
sound machine equipped with a 7.5 MHz linear transducer; Esoate, Maastricht,
The Netherlands) [56]. When the dominant follicle exceeded 35 mm in diameter,
mares were inseminated with a minimum of 500 x 106 sperm cells from a single
fertile stallion, and thereafter examined daily until ovulation was observed; insem-
ination was repeated every second day until ovulation. Mares used as recipients
for ET were monitored similarly to determine ovulation date, but were not insem-
inated. For the ET experiment, the degree of synchrony or asynchrony between
the donor and recipient mares was managed by manipulating the estrous cycle
using a PGF2α analogue (37.5 µg D-cloprostenol; Genestranvet: Eurovet Animal
Health B.V., Bladel, The Netherlands) to induce luteolysis, and human chorionic
gonadotrophin to induce ovulation (hCG; 1500 i.u. Chorulon: Intervet, Boxmeer,
The Netherlands).

6.2.2 Embryo collection and embryo transfer

For the ET experiment, blastocysts were recovered from donor mares by uterine
lavage 8 days after ovulation, as described previously [194]; recovered embryos
were washed in holding medium (Syngro; Bioniche Animal Health, Pullman, WA,
USA). In total, 20 pregnancies were established after transfer of day 8 embryos
(grade 1-2) to recipient mares that had either ovulated on the same day as the
donor (synchronous; n=10), or 5 days after the donor mare (asynchronous; n=10).
Conceptuses were then recovered on day 14 or day 19 of conceptus development
(n=5 per group). Day 14 conceptuses were recovered 6 days after ET by uterine
lavage via a sterile endotracheal tube, and day 19 conceptuses were recovered 11
days after ET using an endoscopically-guided net, after puncture of the mem-
branes and aspiration of the yolk-sac fluid using a sharpened PTFE catheter [56].
Following conceptus recovery, an endometrial biopsy was collected, using alligator
forceps (141965; Jørgen Kruuse A/S, Langeskov, Denmark), from the base of one
uterine horn for day 14 conceptuses (mobile), or from the site of conceptus apposi-
tion for day 19 conceptuses (fixed location; n=5 per group) under video-endoscopic
guidance. For conceptus membrane culture, pregnancy status was monitored by
transrectal ultrasonography from day 14 after ovulation, and conceptuses were
recovered on day 19 by uterine lavage via a sterile endotracheal tube (n=5 con-
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ceptuses).
Conceptuses and endometrial biopsies were washed with sterile 0.9% NaCl. Under
a stereomicroscope, the capsule was removed from the conceptuses and the embry-
onic disc region, or embryonic body, were dissected from the conceptus membranes
using microsurgical scissors. On day 14, conceptus membranes consisted primar-
ily of bilaminar yolk-sac (endoderm and trophectoderm) with a relatively small
trilaminar area. Within day 19 conceptuses, mesoderm formation had progressed
appreciably, resulting in trilaminar membrane over the bulk of the conceptus. The
bilaminar and trilaminar yolk-sac regions of day 19 conceptus membranes were not
separated for analysis. Yolk-sac membranes from ET conceptuses were snap frozen
in liquid nitrogen and stored at -80°C, whereas the conceptus membranes used for
culture were kept in warm PBS prior to culture.

6.2.3 RNA extraction, DNA library preparation and
sequencing

Total RNA was extracted using the AllPrep DNA/RNA/Protein Mini kit (Qiagen,
Venlo, The Netherlands). Endometrium and conceptus membranes (20-40 mg)
were homogenized in 600 µl lysis buffer and total RNA was eluted with 40 µl
RNase-free water, and treated with DNAse I for 30 min at 37°C and 10 min at
65°C (1 IU/µg; RNase-free DNase kit; Qiagen). Total RNA quantity and quality
was determined respectively by spectrometry (NanoDrop ND 1000; Isogen Life
Sciences, De Meern, The Netherlands) and using a BioAnalyzer 2100 (Agilent
Technologies, Palo Alto, CA) with a RNA 6000 Nano Chip, according to the
manufacturers’ instructions. The best 4 samples from each group were selected,
and DNA library preparation was performed using the Illumina Truseq Stranded
Total RNA low-throughput RNA Sample Prep Kit with 500 ng of total RNA,
following depletion of ribosomal RNA using the Ribo-Zero Human/Mouse/Rat kit.
DNA library quality was controlled using a BioAnalyzer 2100, the Agilent DNA
1000 and the Qubit assay. Next, bar-coded endometrial samples and conceptus
membrane samples were pooled separately. The sequencing was performed at the
Utrecht Sequencing Facility on an Illumina Next Seq 500 (San Diego, USA) with
a single-read mode and a read length of 75 bases.

6.2.4 RNA-seq analysis and bioinformatics

The Fastq files were analyzed, and the reads were cleaned and trimmed using
Trimmomatic with the following parameters: 3’-end trimming with sliding window
(size = 4, average quality score ≥ 28), headcrop at the 5’-end (number of bases
= 3) and minimum length read (50 bases). The reads were aligned to the horse
genome (equuCab2) using Tophat (v2.0.11, splice junction mapper for RNA-seq
reads). Next, the number of reads mapped to the exon region of each gene was
evaluated using QuasR qCount and only the genes with more than 10 counts were
used for statistical analysis. Differentially expressed genes (DEG) were detected
using the DESeq2 tool in R and we compared d14 syn vs d14 asyn, d19 syn vs
d19 asyn and day 14 syn vs day 19 asyn. Significance thresholds were set as
follows: false discovery rate (FDR) <5 % and a log2 fold change (FC) greater
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than 1.4 or lower than - 1.4 (equivalent to a fold change of 0.49 or -0.49) and
P-Adjusted less than 0.04. Gene ontology clustering was performed using the
Database for Annotation, Visualization and Integrated Discovery (DAVID, v6.8)
using the functional annotation chart tool [106].

6.2.5 Quantitative RT-PCR

RT-qPCR was performed using the same RNA samples as used for sequencing.
Total RNA (1 µg) was reverse-transcribed to cDNA using Superscript III (Invit-
rogen) followed by qRT-PCR as described previously [91]. Primers were produced
at Eurogentec (Seraing, Belgium) and specificity was tested by DNA sequencing
(ABI PRISM 310 Genetic analyzer; Applied Bio-system, Foster City, CA). Real-
time PCR was carried out in 15 µl of reaction mix including 7.5 µl of IQ SYBR®
Green Supermix (BioRad), 0.5 mM of primer (forward and reverse), and 1 µl of
cDNA, on an IQ5 Real-Time PCR detection System (BioRad; Veenendaal, The
Netherlands). For each gene, a melting curve and standard curve were performed
to verify product specificity and enable expression quantification. Relative gene
expression was expressed as the ratio of target gene expression to the geomet-
ric mean for the housekeeping genes GAPDH, HPRT1 and SRP14 for conceptus
samples, and GAPDH and SRP14 for endometrial samples. Finally, the log2 fold
change between the synchronous and asynchronous samples was calculated for day
14 and day 19 of pregnancy, and an independent T-test was performed.

6.2.6 Culture of conceptus membrane cells

Conceptus membranes were washed 3 times in PBS and then transferred into M199
medium (M199-22340 with HEPES, ThermoFisher) supplemented with 1 mg/ml
Collagenase A (Sigma-Aldrich) and supplemented with 0.1% P/S (Penicillin=10
000 IU/ml; Streptomycin=10 000 µg/ml), the membranes were cut into small
pieces using a razor blade and passed through sterile 18 and 21-gauge needles to
further disrupt cell-cell attachment. In total, the membranes were incubated for 30
min at 37°C in collagenase containing medium. The cells were then washed twice
in standard culture medium (M199 supplemented with 20% fetal bovine serum
and 0.1% P/S) and centrifuged at 500G for 5 min. Finally, the cells were plated
in T-25 flasks with standard culture medium for 3 days at 37°C in a humidified
atmosphere containing 5% CO2-in-air. The culture medium was replaced every
other day, and the cells were used for in vitro assays after 1 or 2 passages. All
trophectoderm function experiments were performed on cells obtained from three
different conceptuses, with each condition performed in triplicate.

6.2.7 Cell attachment assay

Culture medium was replaced by serum-free medium (M199 with 0.01% P/S) for
24 h. A 24-well plate containing glass coverslip in each well was coated overnight
at 4°C with 450 µl of the following proteins: BSA (Sigma: 1000 ng/ml in PBS),
fibronectin from bovine plasma (F1141, Sigma: 62, 125, 250, 500 and 1000 ng/ml
in PBS) or recombinant human IGFBP3 (10430H07H50, Sino Biological Inc. :
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62, 125, 250, 500 and 1000 ng/ml in PBS), where IGFBP3 was selected on the
basis of the RNA-seq results. Next, non-specific binding to the wells was blocked
with heat-denatured BSA (10 mg/ml in PBS) for 1 h at room temperature (RT).
Freshly trypsinized cells (n = 47 000 cells in 500 µl serum-free media) were then
added to each well and allowed to attach for 2 h (37°C, 5% CO2). After removing
the medium, the wells were washed with PBS to remove any unattached cells, and
attached cells were fixed using methanol:acetone (1:1) for 20 min at RT. Cell nuclei
were stained with DAPI (1:50 in PBS) for 30 min at RT in the dark. Coverslips
were mounted with Vectashield and 5 non-overlapping sections were imaged using
a fluorescence microscope (Olympus BX60 with a Leica DFC425C camera) to
count the number of cells attached per mm2. The effect of the different conditions
on cell attachment was examined by one-way ANOVA (P<0.05).

6.2.8 Cell proliferation assay

In a 24-well plate containing glass coverslips, freshly trypsinized cells were allowed
to attach for 6 h (n = 30 000 cells in 500 µl standard culture medium) before
replacing the medium with 500 µl serum-free medium for 24 h. Next, cells were
treated with different concentrations of IGFBP3 (1, 10, 100 and 1000 ng/ml in 500
µl serum-free medium), 500 µl serum-free medium or with 500 µl normal culture
medium (20% FCS, 0.1% P/S, M199). At the same time, BrdU (5-Bromo-2’-
deoxyuridine; B5002, Sigma; final concentration: 10 µM) was added to each well,
and the cells were then cultured for 24 h at 37°C in a humidified atmosphere of
5% CO2-in-air. Following incubation, the cells were rinsed with PBS and fixed
using methanol:acetone (1:1) for 20 min at RT. The cells were then treated with
HCl (2M) for 20 min at RT, followed by a blocking step (PBS/BSA 0.5%) for 10
min. Finally, the cells were stained with anti-BrdU (FITC mouse anti-BrdU, BD
Biosciences, diluted 1:50 in PBS) for 2 h at RT and with DAPI (1:50 in PBS) for
30 min at RT. Coverslips were mounted with Vectashield and 5 non-overlapping
sections were imaged using a fluorescence microscope (Olympus BX60 with a Leica
DFC425C camera) to count both the total cell number (DAPI) and the number
of proliferating cells (BrdU positive) per mm2. The effect of culture medium and
concentration of IGFBP3 on cell proliferation was analyzed by two-way ANOVA
(P<0.05).

6.2.9 Bradykinin stimulation

Freshly trypsinized cells were seeded into 24-well plates (n = 30 000 cells in 500
µl normal culture medium) and incubated for 24 h (37°C, 5% CO2). The medium
was replaced by serum-free medium and, after 24 h, cells were treated with 500 µl
bradykinin (catalogue number B3259-1MG, Sigma-Aldrich: 0.5, 1, 10, 100 ng /ml
in M199) for 6 h and 24 h, or with 500 µl serum-free medium for 6 h (negative
control). Culture medium was collected at the appropriate times and stored at
-80°C for subsequent prostaglandin (PGs) concentration analysis.
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6.2.10 Prostaglandin assay

PGs released from cultured conceptus membrane cells were assayed using High-
performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS),
as described previously [48]. A set of standard samples was prepared by adding
stock PG solution to serum-free medium (M199, 0.1% P/S) to obtain final con-
centrations of 6.25, 12.5, 25, 50, 100 and 200 pg/µl. An internal standard (IS;
16,16-dimethyl-PGF2α, 40 pg/µl) was added to each standard sample (100 µl per
sample). Chromatograms for standards were used to establish characteristic reten-
tion times (RTs) for each compound, while the calibration lines were used to verify
that the MS signal was linear for all analytes over this range. The peak-area ratios
of each analyte to the IS were calculated and plotted against the concentration of
the calibration standards. Calibration lines were calculated using the least squares
linear regression method. Extraction of PGs from medium derived from trophec-
toderm cell cultures was performed as described previously [48]. Culture medium
was thawed, and 200 µl was mixed with 100 µl of IS, 200 µl of ammonium acetate
(0.2M, pH 3.3) and 800 µl of ethyl acetate (0.0002 % butylated hydroxytoluene)
by vortexing for 1 min. The mixture was then centrifuged at 12,100 x g for 5
min and chilled to -80°C. After 60 min, the upper ethyl acetate layer was pipetted
into a new tube. The ethyl acetate extraction procedure was repeated once more.
The pooled samples were then placed in a Speedvac system until the solvent was
completely evaporated; the residue was dissolved in 40 µl of 30% methanol. Thirty
µl of each sample was transferred to a polypropylene microwell plate and stored
at -20°C until HPLC-MS/MS analysis was performed.
For each sample, the ratio of the peak area of the internal standard to the peak
area for PGE2, PGF2α and 6-keto PGF1α was measured in pg/ml. For all samples,
we measured the log2 fold change of the ratio of bradykinin stimulation (negative
control). The effects of the duration of treatment (time) and the concentration of
bradykinin (stimulation) used on PGE2, PGF2α and 6-keto PGF1α release were
tested using a linear mixed model (R Studio). Time and stimulation were used
as fixed factors, individual embryo culture was included as a random effect, and
we included a nested random effect of stimulation within time. An ANOVA was
used to examine whether the values of the estimates obtained in the linear mixed
model were significant (P<0.05).

6.3 Results

6.3.1 RNA-seq analysis and gene ontology

After initial analysis of endometrial sample data, pair-wise correlation heat maps
were used to cluster the data from individual samples; this was followed by hier-
archical clustering (HCL) of the log2 fold changes of differentially expressed genes
(DEGs). From the HCL, different general patterns of expression could be observed
between sample groups (Fig.1). Endometrial samples 9, 10, 11 and 12 (day 19 syn-
chronous) clustered together, as did samples 5, 6 and 7 (day 14 asynchronous).
On the other hand, samples 1, 2 and 4 (day 14 synchronous) and samples 13, 14
and 15 (day 19 asynchronous) were interspersed in one large cluster with a similar
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pattern of expression; these samples all included endometrium from mares on day
14 after ovulation. Two samples, 3 and 8, exhibited a very different pattern of
expression to the other members of their respective groups (i.e. were outliers),
and were not therefore included in further statistical analysis.

We compared endometrial gene expression on day 14 of conceptus develop-
ment (6 days after ET) between synchronous and asynchronous transfers (D14-
syn/asyn), on day 19 of conceptus development between synchronous and asyn-
chronous ET (D19-syn/asyn) and between day 19 asynchronous and day 14 syn-
chronous (D19-asyn/D14-sync). In total, 15502 transcripts were detected in en-
dometrial samples; statistical analysis identified 523 DEGs for D14-syn/asyn, 715
DEGs for D19-syn/asyn but only 14 DEGs for D19-asyn/D14-syn; of these, 413
DEGs, 600 DEGs and 6 DEGs, respectively, were specific to each comparison. The
numbers of up- and down-regulated genes are shown in Table 1. The overlap of
DEGs between D14-syn/asyn, D19-syn/asyn and D19-asyn/ D14-sync is depicted
in a Venn diagram (Fig.2A; Fold change >1.4; FDR >5 %; P-adjusted <0.05;
Supp. Table 1). Only 3 annotated genes (IGFBP3, KNG1 and FAM118B) were
differentially expressed between all three comparison groups, while there were 5
additional DEGs in common between D19-syn/asyn and D19-asyn/D14-syn, and
107 DEGs in common between D14-syn/asyn and D19-syn/asyn.

Table 1 – Number of differentially expressed genes in the endometrium and in conceptus
membranes between synchronous and asynchronous ET on day 14 and 19 of pregnancy.
Genes with a higher expression in the synchronous group compare to the asynchronous
group are referred to as up-regulated and those with a lower expression are referred to
as down-regulated.

A similar analysis was performed for conceptus membrane samples. In this
case, conceptuses from the same group (synchronous or asynchronous and day
of recovery) clustered together with grossly similar patterns of expression, as
shown by the pair-wise correlation heat map and the HCL of DEGs (Fig.3A-
B). Day 19 synchronous and day 19 asynchronous conceptuses clustered into two
distinct groups, whereas day 14 synchronous and day 14 asynchronous concep-
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Figure 1 – Hierarchical cluster analysis of differentially expressed genes (DEGs) with a
log2 fold change higher than 1.4 or lower than -1.4 for equine endometrial samples col-
lected after transfer of day 8 horse embryos to synchronous (day 8: SY) or asynchronous
(day 3: ASY) recipient mares. Endometrial samples were collected on day 14 (d14) or 19
(d19) of embryo development (blue = down-regulated genes; red = up-regulated gene).
The sample number is indicated by a number from 1 to 16.
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Figure 2 – Venn diagram for the overlap of DEGs in the endometrium among three
pair-wise comparisons, day 14 of conceptus development between synchronous (day 14
endometrium) and asynchronous (day 9 endometrium; D14 syn/asyn), on day 19 of
conceptus development between synchronous (day 19 endometrium) and asynchronous
(day 14 endometrium; D19-syn/asyn), and between day 19 asynchronous and day 14 syn-
chronous pregnancies (D19-asyn/D14-sync). The numbers of DEGs in each compartment
is depicted.

tuses had a similar expression profile. A total of 13591 transcripts were detected,
and statistical analysis identified 556 DEGs for D14-syn/asyn, 3472 DEGs for
D19-syn/asyn and 3646 DEGs for D14-sync/D19-asyn with 236, 2239 and 2434
exclusive to the respective pairwise comparisons. The numbers of up- and down-
regulated genes are shown in Table 1. We identified 98 genes that were differen-
tially expressed between all three comparisons, 121 additional DEGs in common
between D14-syn/asyn and D19-syn/asyn, 100 additional DEGs in common be-
tween D14-syn/asyn and D14-sync/D19-asyn, and 1013 DEGs in common between
D19-syn/asyn and D14-sync/D19-asyn (Fig.2B; Fold change >1.4; FDR >5 %; P-
adjusted <0.05; Supp. Table 2).
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Figure 3 – Pair-wise correlation heat map (A) and hierarchical cluster (B) analysis of DEGs with a log2 fold change higher than 1.4 or lower
than -1.4 for equine conceptus membrane samples recovered after transfer of day 8 embryos to a synchronous (day 8: SY) or asynchronous (day
3: ASY) recipient mare, and collected on day 14 (d14) or 19 (d19) of conceptus development (blue = down-regulated genes; red = up-regulated
gene). The sample number is indicated by a number from 1 to 16.
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6.3.2 Gene ontology analysis

The DEGs obtained on day 14 and 19 of conceptus development were analysed
using the DAVID Functional Annotation Chart tool for gene ontology (GO) clas-
sification, to identify specific overrepresented functional terms for up-regulated
and/or down-regulated genes in the synchronous condition.

In the endometrium, the Biological Processes ‘activation of MAPK activity’,
and the Cellular Components ‘blood microparticle’ and ‘integral component of
plasma membrane’ were overrepresented among up-regulated genes on both day
14 and 19 of conceptus development (Fig.4A). The Molecular Function NADP
binding and oxidoreductase, and the Cellular Component lamellipodium were over-
represented among down-regulated genes in synchronous pregnancies on days 14
and 19. Functional terms including proteinaceous extracellular matrix, calcium
and peptide binding, cell-cell signalling and regulation of cell growth were enriched
among the up-regulated genes on day 14 of pregnancy. Functional terms specifi-
cally enriched among the up-regulated genes on day 19 of pregnancy were the in-
flammatory response, immunity, cellular response to vascular endothelial growth,
negative regulation of apoptotic process, membrane, and extracellular exosome.
Functional terms that were overrepresented on day 14 of pregnancy among down-
regulated genes included biological processes and cellular components such as ion
transport and the extracellular exosome. On day 19 of conceptus development,
lipid metabolism, cell adhesion and zinc ion binding were the most overrepresented
groups among the down-regulated genes (Fig.4B).

Too few genes were differentially expressed in the group D14-sync/D19-asyn
to search for functional categories of genes. In the conceptus membranes, many
more functional categories were represented largely because many more genes were
differentially expressed between the synchronous and asynchronous conditions, on
both day 14 and 19 (Fig.5A-B). Functional categories that were overrepresented
among the up-regulated genes in synchronous conceptuses on day 14 of develop-
ment included central nervous system development, blood microparticles, blood
coagulation, regulation of vasoconstriction, and regulation of protein secretion
(Fig.5A). On day 19, there were more cellular events enriched for up-regulated
genes including cell-cell and cell-matrix adhesion, focal adhesion, regulation of cell
migration and cell shape, organelles (Golgi apparatus, endoplasmic reticulum).

Molecular functions such as calcium binding, transferase and kinase, were also
enriched on day 19 of pregnancy. In day 14 conceptus membranes, the functional
terms that were overrepresented among down-regulated genes in synchronous con-
ceptuses included the biological processes translation and protein heterotetramer-
ization, and other processes related to nuclear function such as nucleosome as-
sembly, DNA binding and the cellular components nucleus, nucleosome core, and
chromosome (Fig.5B). Specific enrichment of down-regulated genes on day of 19 of
synchronous conceptus development included cellular components related to mi-
tochondria, including mitochondrion, mitochondrial inner membrane, respiratory
chain complex I, and also components related to the lysosomal membrane and
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certain oxidoreductase function and metabolic processes. The biological process
‘defense response to viruses’ was also overrepresented among the down-regulated
genes on day 19.

6.3.3 RNA-seq validation by qRT-PCR

To validate the RNA-seq results from endometrium and conceptus membranes,
quantitative RT-PCR was performed for 11 genes specific to each tissue (Table
2 and Table 3). We compared gene expression on day 14 and 19 of pregnancy
between synchronous and asynchronous ET, and measured the log2 fold change;
statistical analysis was done by independent T-test. Overall, the trend of gene
expression (up- or down regulated) obtained by RNA-seq was confirmed by qRT-
PCR, although the difference was not always statistically significant in qRT-PCR
measurements (P-value >0.05).

In endometrial samples, LIFR, SLC43A2 and SLC5A1 transcripts showed no
significant differences between conditions in the RNA-seq analysis, and this was
replicated by qRT-PCR. PTGFR mRNA abundance was down-regulated on day
14 of pregnancy (P-adjusted <0.001; P-value = 0.016), SLC2A1 was up-regulated
on day 14 of pregnancy (P-adjusted <0.001; P-value = 0.001), while LIF was up-
regulated on day 19 (P-adjusted <0.001; P-value =0.001) and SLC1A1 was down-
regulated on day 19 (P-adjusted <0.001; P-value = 0.002) after synchronous ET.
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Figure 4 – Gene ontology analysis for genes up-regulated (A) and down-regulated (B)
in equine endometrium on day 14 and 19 of pregnancy between synchronous (recipient
and donor ovulated on same day) and asynchronous (recipient ovulated 5 days after the
donor) ET (D14 syn/asyn and D19 syn/asyn). The major categories within Biological
Process, Cellular Component and Molecular Function are represented by the number of
genes in the category, selected on the basis of a p-value <0.05.
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Table 2 – Validation of the RNA-seq results by qRT-PCR on selected genes in the en-
dometrium: Day 14 synchronous vs asynchronous; Day 19 synchronous vs asynchronous.

Table 3 – Validation of the RNA-seq results by qRT-PCR on selected genes in conceptus
membranes: Day 14 synchronous vs asynchronous; Day 19 synchronous vs asynchronous.
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Other transcripts, IL6ST, INSR, OXT and SLC38A2, which were all significantly
up-regulated in the RNA-seq analysis, showed the same direction of expression
differences after qRT-PCR, but were not statistically significant (P-value >0.05).

In conceptus samples, H19, SLC2A3 and SNRPN transcripts showed no sig-
nificant differences between conditions in the RNA-seq analysis, and this was con-
firmed by qRT-PCR. The RNA-seq analysis revealed that DNMT3B was down-
regulated whereas SLC1A4 was up-regulated on day 14 of synchronous pregnancy
and that NDN, PEG10 and SLC7A5 were up-regulated on day 19 after syn-
chronous ET, all of which was confirmed by qRT-PCR (P-value <0.05). Similarly,
SLC1A5 was down-regulated on day 14 (P-adjusted and P-value <0.005) and up-
regulated on day 19 (P-adjusted <0.001; P-value = 0.029) in synchronous com-
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Figure 5 – Gene ontology analysis for genes up-regulated (A) and down-regulated (B)
in equine conceptus membrane, on day 14 and 19 of pregnancy between synchronous
(recipient and donor ovulated on same day) and asynchronous (recipient ovulated 5 days
after the donor) ET (D14 Syn/Asyn and D19 Syn/Asyn). The major categories within
Biological Process, Cellular Component and Molecular Function are represented by the
number of genes involved in the category, selected on the basis of a p-value <0.05.
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pared to asynchronous conceptuses, whereas SLC2A5 was up-regulated on day 14
(P-adjusted = 0.012; P-value = 0.002) and down-regulated on day 19 (P-adjusted
and P-value <0.005) in synchronous membranes. The qRT-PCR results indicated
upregulation of IGF1 on day 14 of synchronous conceptus development (P-value
= 0.007) whereas in the RNA-seq data, IGF1 was only up-regulated on day 19
(P-adjusted = 0.027; P-value = 0.082).

6.3.4 Cell proliferation and cell attachment in response to
IGFBP3 stimulation

To examine the possible function of endometrial IGFBP3, the effect of IGFBP3
stimulation on the attachment and proliferation of trophectoderm cells was investi-
gated and compared to that of a matrix component commonly used to promote cell
attachment in culture, fibronectin. There was both a treatment and concentration
effect on the mean number of cells attached per mm2 (Fig.6a). After fibronectin
treatment, cell attachment increased as the concentration of fibronectin used to
coat the wells increased. More cells attached at a concentration of 1000 ng/ml
compared to 62, 125, 250 and 500 ng/ml (P <0.0001). Cell attachment also in-
creased between fibronectin treatments of 125 ng/ml and 500 ng/ml (P <0.05). In
the case of IGFBP3 treatment, a slight increase in cell attachment was apparent
between concentrations of 62 ng/ml and 1000 ng/ml (P = 0.008). Cell attachment
was however much higher after fibronectin treatment at the highest concentration
(1000 ng/ml) than for BSA or IGFBP3 (P <0.0001), whereas no difference in cell
attachment was apparent between IGFBP3 and BSA treatments.
Cell proliferation was also measured after IGFBP3 stimulation, and in the pres-
ence of serum versus serum-free media (Fig.6b). Cell proliferation was higher in
media containing serum (P <0.05). IGFBP3 concentrations of between 1 and
1000 ng/ml did not affect cell proliferation. After stimulation with IGFBP3 at 10
and 100 ng/ml, cell proliferation was lower than in serum containing medium (P
<0.05).

6.3.5 Prostaglandin release after bradykinin stimulation

To examine the possible function of endometrial kininogen/bradykinin, the ef-
fects on prostaglandin production by cultured trophectoderm cells were examined.
PGE2 release from trophectoderm cells in culture increased significantly between
6 and 24 hours of culture (P <0.001), and increasing concentrations of bradykinin
further augmented the release of PGE2 into the culture medium (P <0.0005;
Fig.7). PGF2α and 6-keto PGF1α release also increased between 6 and 24 hours
of culture (P <0.00001; Fig.7). However, the concentrations of bradykinin added
to the culture medium did not affect 6-keto PGF1α release, and bradykinin only
tended to promote PGF2α release (P = 0.055). For the 3 prostaglandins measured
in the culture medium, PGE2 was secreted in the highest concentrations (515-1486
pg/ml; data; not shown), followed by 6-keto PGF1 α (226-669 pg/ml), with PGF2
α present in the lowest concentrations (56-202 pg/ml).
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Figure 6 – Effect of IGFBP3 on cell attachment (A) and cell proliferation (B) of cultured
equine trophectoderm cells. For the attachment assay, wells were coated with BSA
(negative control: 1000 ng/ml), fibronectin (positive control) or IGFBP3 (62, 125, 250,
500 and 1000 ng/ml). Cells were added and cultured for 2 hours, the number of cells
attached was counted and the average number of cells attached per mm2 (± s.e.m)
calculated. For the proliferation assay, cells were cultured for 30 hours and then treated
with IGFBP3 (1, 10, 100 and 1000 ng/ml), normal culture media (positive control), and
serum-free media (negative control) for 24 hours. BrdU was used to identify proliferating
cells. The total number of cells (DAPI), and proliferating cells (BrdU positive) were
counted, and the percentage of proliferating cells (± s.e.m) per mm2 was calculated.
The analysis was performed for three independent experiments, with three replicates per
condition; 5 non-overlapping sections were imaged per condition.

Figure 7 – Effect of bradykinin on prostaglandin synthesis by equine trophectoderm
cells. Cells were added to each well, and incubated in the presence of bradykinin (1, 10,
100 and 1000 ng/ml) for 6 and 24 hours or with serum free medium for 6 hours (negative
control). The concentrations of PGE2, PGF2α and 6-keto PGF1α (pg/ml) were measured
in the culture media, and represented as the fold change for a given treatment versus the
negative control. The analysis was performed on three independent experiments, with
three replicates per condition.

6.4 Discussion

In recent years, a handful of studies have examined the transcriptome and pro-
teome during early equine pregnancy, and have focused either on the endometrium
(cycle versus pregnant; [120, 140]), on conceptus membranes (early stages of preg-
nancy; [119]), on potential conceptus-endometrial ligand-receptor interactions on
day 16 of pregnancy [117], or on proteins secreted by the conceptus [187, 200].
The main focus of the various studies has been to improve our understanding of
events contributing to the maternal recognition of pregnancy, and to characterize
gene sets enriched and functional categories of up-regulated and down-regulated
genes and proteins.
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Using asynchronous ET, our study focused on the effect of the duration of
endometrial exposure to progesterone, and the combined effect of duration of ex-
posure to progesterone and the presence of a conceptus, on the transcriptome of the
endometrium and conceptus membranes during early equine pregnancy. Compar-
ison of the transcriptome was performed between synchronous and asynchronous
pregnancies on day 14 (D14-syn/asyn) and day 19 (D19-syn/asyn) of conceptus
development (6 and 11 days after transfer of a day 8 embryo), and between day 19
asynchronous and day 14 synchronous pregnancies (D19-asyn/D14-syn; recipient
mare on day 14 after ovulation in both cases). A total of 15502 different tran-
scripts were detected in endometrial samples and 13591 transcripts in conceptus
membranes. Interestingly, almost five times as many genes/transcripts were dif-
ferentially expressed in conceptus membranes (3473 genes) as in the endometrium
(715 genes). Furthermore, the number of differentially regulated genes increased 5
fold between day 14 and 19 of pregnancy in the conceptus membranes. These re-
sults highlight the rapid and extensive changes occurring in the membranes during
conceptus development, to support dialogue with the endometrium and nutrient
transfer to the embryo, and reflect the dynamism and relative plasticity of early
conceptus membranes compared to the endometrium.

Validation of the RNA-seq data by qRT-PCR demonstrated that the log2
fold changes and significant differences were more consistent for genes selected
in the conceptus membranes than those examined in the endometrium. In the en-
dometrium, although the log2 FCs followed the same trend in both the RNA-seq
and the PCR results, the p-values obtained for the PCR data were less significant
than for the RNA-seq results. By contrast, in the conceptus membranes the p-
values obtained for the PCR data were lower and more comparable to the q-values
obtained for the RNA-seq. In this respect, because endometrial biopsies were col-
lected from different mares, the biological noise due to genetic variability between
mares may have reduced consistency [140]. Furthermore, endometrial biopsies are
composed of different cell types, and it is not possible (except by cell selection by
laser-capture microdissection) to completely control variability between biopsies
and/or tissues of tissue processed. This could, in part, explain the small differences
between the RNA-seq and the PCR results observed in endometrial samples. In
conceptus membranes, differences during development are likely to be less because
of a narrower range of cell types present and a more defined temporal pattern of
development.

We previously reported that the reduced duration to which the endometrium
is exposed to P4 following negatively asynchronous ET, delays conceptus devel-
opment at the gene, cell, tissue and whole conceptus level [91]. The transcrip-
tomic comparisons performed between conceptus membranes in the various pair-
ings (D14-syn/asyn, D19-syn/asyn and D19-asyn/D14-syn), clearly demonstrated
distinct profiles of gene expression between different stages of conceptus devel-
opment, and gene ontology analysis revealed similar overrepresented categories
to those previously reported by Klein and Troedsson [119]. Indeed, Klein and
Troedsson showed that the cellular compartment ‘nucleus’ and the biological pro-
cesses ‘RNA processing’, ‘regulation of gene expression’ and the molecular function
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‘RNA polymerase activity’ were down-regulated in day 10-14 compared to day 8
conceptuses [119]. We similarly found that the biological processes ‘translation’,
and cellular components and molecular functions related to the nucleus were down-
regulated in synchronous compared to asynchronous (i.e. retarded) day 14 concep-
tuses. While Klein and Troedsson reported genes involved in positive regulation
of the immune system to be down-regulated [119], we found that genes clustered
under the ‘antiviral defense response’ and ‘natural killer cell and T cell activation
involved in immune response’ groups to be overrepresented among down-regulated
genes, which further supports the idea that the semi-allogenic embryo is capable
of modulating allogenic immune responses, and appears to repress the expression
of allogenic molecules. Functional categories that were overrepresented among the
up-regulated genes in synchronous conceptuses on day 14 of development included
positive regulation of exocytosis, protein and hormone secretion. Similarly, Klein
and Troedsson [119] reported that the biological processes in which up-regulated
transcripts were involved reflected the response of the conceptus to various stimuli,
such as hormones and extracellular stimuli. These results indicate that the equine
conceptus responds to factors secreted by the endometrium, and moreover that the
conceptus secretes hormones and proteins to regulate endometrial function. On
day 19 of development, synchronous conceptuses showed enrichment of transcripts
for the biological processes ‘cell adhesion’, ‘cell migration’ and ‘inflammatory re-
sponses’, which undoubtedly reflect the developmental changes that occur in the
membranes during the formation of the placenta and preparation for implantation.

In endometrial tissues, we found more than two hundred DEGs between the
synchronous and asynchronous conditions on day 14 and 19 of conceptus devel-
opment, but only fourteen DEGs in the D19-asyn/D14-syn comparison. This
indicates that the effect of duration of P4 exposure is more profound than the du-
ration of conceptus presence, at the level of gene expression in the endometrium;
further suggesting that progesterone, and/or simple presence of a conceptus, plays
the dominant role in regulating endometrial gene expression during the establish-
ment of pregnancy, with the precise age of the conceptus playing a more subtle
role in refining endometrial gene expression or function. Of course, in the groups
D14-syn/asyn and D19-syn/asyn, we compared endometrium at different stages
after ovulation, namely day 14 versus day 9 and day 19 versus day 14 in the pres-
ence of a day 14 or 19 conceptus, respectively. Not surprisingly, this resulted in
large numbers of DEGs, namely 523 on day 14, of which 413 were specific to the
D14-syn/asyn comparison, and 715 DEGs on day 19, of which 600 were specific
to the D19-syn/asyn comparison. Gene ontology analysis revealed various over-
represented functional terms among the up- and down-regulated genes, with some
of them previously shown to be enriched in equine endometrium simply as time
after ovulation increased or as a result of pregnancy [120, 140]. The functional
terms found to be up-regulated during pregnancy that were shared by our study
and previous studies, include ‘calcium and peptide binding’, ‘cell-cell signalling’,
‘regulation of cell growth’, ‘negative regulation of apoptotic process’, ‘membrane’
and ‘extracellular exosome’ [120, 140]. The endometrial response to the presence
of a conceptus becomes apparent from at least as early as day 14 of pregnancy, with
an initial remodelling of the endometrium as a result of enhanced cell growth, and

111



main January 7, 2019 19:43 Page 112 �
�	

�
�	 �
�	

�
�	

Chapter 6 Transcriptomic analyses after asynchronous embryo transfer

reduced apoptosis as genes involved in membrane formation and cell communica-
tion are up-regulated , presumably to help to synchronize stage-related changes
in endometrial cells, or to better synchronize with the changing needs of the con-
ceptus. Interestingly, it appears that exosomes and peptide binding are likely to
play important, but to date poorly investigated, roles in conceptus-endometrium
interaction. Angiogenesis within the endometrium appears to an important event
during the preparation for implantation, as evidenced by the enrichment of the cel-
lular components ‘blood microparticles’, ‘inflammatory response’, ‘immunity’, and
‘cellular response to vascular endothelial growth’ on day 19 of synchronous preg-
nancy. At the same time, genes involved with cell adhesion were down-regulated
on day 19 of synchronous pregnancy, which could be related with the fixation of
the conceptus to one uterine horn, similar to the reduced expression of MUC1 seen
in large domestic animals during the pre-implantation period [27].

In the D19-asyn/D14-syn comparison, the two conditions are linked by includ-
ing a recipient mare / endometrium on day 14 after ovulation, and distinguished
by the presence of a conceptus for a longer or shorter duration (11 or 6 days af-
ter ET, corresponding to day 19 and day 14 of conceptus development). Only 6
genes were uniquely differentially expressed between D19-asyn and D14-syn en-
dometrium, three of which were up-regulated by the presence of an older concep-
tus for a shorter duration (MGLL, LIPG and IL36G). The gene MGLL codes for
monoglyceride lipase and was previously found to be up-regulated during early
equine pregnancy [140]. MGLL is a serine hydrolase that catalyzes the conversion
of monoacylglycerides to free fatty acids and glycerol. Fatty acids and glycerol are
known to be able to cross the placental barrier and be used by the fetus (Herrera,
2002), which may explain the upregulation of MGLL in the presence of a more
advanced embryo, i.e. to improve the availability of lipid building blocks. LIPG,
also known as endothelial lipase, has substantial phospholipase activity and could
play a further role in lipid metabolism within the endometrium to help support
delivery to the conceptus. The interleukin 36 gamma gene (IL36G) is part of the
interleukin 1 (IL1) cytokine family. During decidualization of human endometrial
stromal cells, cell receptivity to the IL1 family is modulated [37], suggesting a role
in endometrial receptivity. Endometrial expression of these 3 genes is stimulated
by the presence of a more advanced conceptus, presumably as a result of specific
factors expressed by the conceptus which help stimulate the uterine environment
to support development of a more advanced conceptus.

Interestingly, we identified 3 genes, KNG1, IGFBP3 and FAM118B, which
were differentially expressed in all endometrial comparisons, D14-syn/asyn, D19-
syn/asyn and D19-asyn/D14-syn. In particular, IGFBP3 and KNG1 were up-
regulated in the endometrium of synchronous pregnancies on days 14 and 19, but
also in day 14 endometrium in the presence of a day 14 compared to a day 19
conceptus. FAM118B had the opposite profile of expression change to KNG1
and IGFBP3. In short, rather than being upregulated simply by the presence of
an older conceptus or duration of exposure to progesterone, IGFBP3 and KNG1
expression seemed to reflect appropriate synchrony between uterus and embryo.
Moreover, the fact that these genes were differentially expressed in all 3 groups
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suggests a role during the establishment of pregnancy, with effects on the conceptus
either directly or by altering other pathways within the endometrium.

KNG1 (kininogen 1) is part of the kinin-kallikrein system. Alternative splicing
of KNG1 generates two proteins, a high molecular weight kininogen (HMWK) and
a low molecular weight kininogen (LMWK). Kallikrein (KLK ) encodes a serine
protease, kallikrein. The precursor pre-kallikrein is activated by Factor XII and
subsequently cleaves HMWK to release bradykinin (BK). Bradykinin is a pro-
inflammatory peptide that acts via specific receptors, bradykinin receptors B1
and B2 (BKRB1 and BKRB2), and is involved in blood pressure regulation and
in inflammatory responses that increase vascular permeability, to cause vasodi-
latation, and regulate prostaglandin production [98, 104, 215]. Various members
of the kinin-kallikrein system have previously been detected in equine, human,
murine and porcine endometrium or conceptuses. For example, bradykinin pro-
tein was found in porcine ULF, with expression increasing during pregnancy [4],
while LMWK, BKRB2, Factor XII and plasma kallikrein (KLKB1) are all ex-
pressed in porcine endometrium [4]. Factor XII has been detected in human
decidual tissues [112] and in day 12 equine conceptuses [119]. KNG1 has been de-
tected in the endometrium, and reported to be up-regulated during early equine
pregnancy [117, 140], and various tissue kallikreins (KLK1, KLK3, KLK4 and
KLK14) are expressed by equine endometrium and the conceptus [117, 119, 120].
Furthermore, the kininogen protein has been detected in equine uterine luminal
fluids on day 13 after ovulation, although it was not present in yolk sac fluid [187],
and ULF kininogen concentration increases as pregnancy progresses in the pig
[4]. These results suggest that the kinin-kallikrein system is active during early
pregnancy and could be involved in the establishment of pregnancy by stimulating
an inflammatory response, angiogenesis and prostaglandin production in the en-
dometrium and/or the conceptus [4, 61, 112, 215]. The horse embryo is known to
secrete large amounts of prostaglandins, including PGE2, PGF2α and PGI2 [197],
which are thought to play a role in stimulating a local increase in vascularity,
and in conceptus mobility [197]. To examine whether KNG1 may be involved
in conceptus prostaglandin production, we stimulated primary monolayers of tro-
phectoderm cells with different concentrations of bradykinin for 6 and 24 hours.
Production of PGE2, PGF2α and 6-keto PGF1α (the stable metabolite of PGI2)
increased between 6 and 24 hours of culture with bradykinin and, by 24 h, con-
centrations of all three were significantly higher than in control (no bradykinin)
cultures. PGE2 and PGF2α showed evidence of a dose response to the concentra-
tion of bradykinin, but release of all prostaglandins was enhanced by the lowest
concentration of bradykinin tested. Bradykinin is known to induce production of
specific ranges of prostaglandins, dependent on the tissue stimulated, e.g. PGE2

in gastric mucosa [146], and PGE2, PGF2α and 6-keto PGF1α in ovarian follicles
[102, 232]. Since the bradykinin receptors, B1 and B2, were not expressed in the
conceptus membranes, bradykinin must work via an alternative pathway to stim-
ulate prostaglandin production in this tissue. In pulmonary smooth muscle cells,
which secrete many cytokines and growth factors, bradykinin has been shown to
induce prostaglandin production by up-regulating prostaglandin-endoperoxidase
synthase 2 (PTGS2 also known as COX2) [39, 150]. The latter studies also pro-
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vided evidence that bradykinin induced PTGS2 via the CRE-binding site of the
PTGS2 promotor. It seems reasonable to speculate that, in equine trophectoderm
cells, bradykinin stimulate PTGS2 gene expression and thereby increases the syn-
thesis of PGE2, PGF2α and 6-keto PGF1α. PTGS2 metabolizes arachidonic acid
into prostaglandin H2 (PGH2) which is a common substrate for the production
of other prostaglandins. Prostaglandin production by the equine conceptus is
thought to be required for conceptus mobility in the uterine cavity by inducing
myometrial contractions [197], most likely due to PGE2 and PGF2α which are both
secreted by the conceptus [195]. The sheep conceptus is known to secrete PGE2,
PGF2α and PGI2 which act in a paracrine fashion on the endometrium to regulate
the expression of genes associated with endometrial remodeling, cellular function
(cell migration, proliferation and attachment), angiogenesis, and nutrient trans-
port [59]. Thus, endometrial expression of KNG1 and the release of bradykinin
could have important effects on prostaglandin production, and may have further
downstream effects on functions important to conceptus development and the
maintenance of pregnancy, such as the inflammatory response and angiogenesis.

IGFBP3 (insulin like growth factor binding protein 3) is part of the IGF-system
and has a high affinity for IGF1 and IGF2. Binding of IGF1 or 2 to IGFBP3 can in-
crease their half-life in the circulation, but can also reduce their availability to bind
to receptors. Furthermore, IGFBPs have been reported to have direct effects such
as the stimulation of cell proliferation and cell attachment, although the mecha-
nisms of these effects are not well understood [186]. IGFBP3 is expressed in the
uterine lumen during early pregnancy in ruminants [170, 186], and is P4-regulated
in sheep [178]. In the horse, IGFBP3 protein has been detected in association
with the blastocyst capsule, in the ULF and in medium conditioned by conceptus
culture [103]. Moreover, IGFBP3 is expressed in conceptus membranes and is up-
regulated in the endometrium of pregnant compared to non-pregnant mares [103,
117, 140]. Although we also found IGFBPs 1, 2, 4, 5 and 6 to be expressed in the
endometrium at the different stages of pregnancy examined, expression was not
altered by asynchronous ET. Very little is known about the function of IGFBP3
during early pregnancy, other than the assumption that it is likely to regulate IGF
bioavailability. On the other hand, it has been postulated that IGFBP3 influences
cell proliferation and cell survival [23, 65]. Similar to what has been described for
IGFBP1 in ovine trophectodermal cells [186], we tested the effect of IGFBP3 on
proliferation and attachment to plastic of equine trophectoderm cells. Contrary
to expectations, none of the assays performed showed a clear effect of IGFBP3 on
trophectoderm cell behaviour. Pre-coating tissue culture wells with IGFBP3 did
not enhance cell attachment to anywhere near the extent that fibronectin coating
did. Addition of IGFBP3 to the culture medium did not enhance cell prolifera-
tion, although neither was it detrimental in that cell proliferation indices were no
different to those in the control condition. Perhaps endometrial IGFBP3 serves
primarily to regulate bioavailability of IGFs to the equine conceptus; alternatively,
IGFBP3 may have predominantly autocrine or paracrine effects on endometrial
cells to help prepare the uterus for implantation.

FAM118B has recently been identified as a component of Cajal bodies (coiled
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bodies) in the nucleus that are involved in the biogenesis of small ribonucleopro-
teins. FAM118B plays an active role in Cajal body formation in that it is required
for their assembly, splicing and cell proliferation [131]. Very little is known about
the ubiquity or function of Cajal bodies during early pregnancy.

Further analysis should be carried out on conceptus-endometrium gene inter-
actions, and could usefully be combined with proteomics data from the studies
of Swegen et al. [200] and Smits et al. [187] to try to establish links between
the genes expressed by the conceptus and the endometrium, and the proteins de-
tected in the uterine luminal and yolk sac fluids.This study has generated a list
of genes, in both endometrium and conceptus membranes, for which expression
is influenced by the duration of exposure of the endometrium to progesterone
and/or duration of conceptus presence or age of conceptus. Clearly, length of
progesterone exposure and the presence of the conceptus combine to regulate the
endometrial transcriptome. Circulating progesterone and factors secreted by the
conceptus affect groups of genes related to specific biological processes in the en-
dometrium, which in turn affect the conceptus membranes, thereby creating an
interrelationship that should synchronize development of the two and optimize
preparation for implantation and the formation of a placenta. Asynchrony be-
tween the conceptus and the uterine environment, in the form of a uterus lagging
behind conceptus stage, leads to a rapid and obvious delay in conceptus devel-
opment. This demonstrates a very precise interaction or dialogue between the
conceptus and the endometrium, and indicates that the equine conceptus is able
to sense the endometrial stage and delay its development accordingly. The exact
mechanisms by which the conceptus senses the environmental stage are unknown,
but it is most likely due to the absence or inappropriate concentrations of specific
factors expressed or secreted by the endometrium. Finally, identifying the stimu-
latory effect of bradykinin on prostaglandin release by equine trophectoderm cells
is an interesting step in understanding the regulation of conceptus PG production
during early equine pregnancy. Expression of KNG1 by the endometrium could
be primarily involved in stimulating PG production by the conceptus, it may also
have other functions. Further studies will be needed to understand better the
roles of bradykinin and IGFBP3, but the very fact that optimal embryo-uterine
asynchrony consistently upregulates their expression, whereas few other endome-
trial genes are consistently affected by the presence of an asynchronous conceptus,
indicates that they are likely to play an important role in the intricate interaction
between the endometrium and the conceptus during the establishment of preg-
nancy and preparation for implantation.

Supplementary Material
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7.1 The micro-environment surrounding the early horse
conceptus

The main focus of this thesis was the effect of the uterine environment on equine
conceptus development, and interactions between the conceptus and maternal en-
vironment during pre-implantation development in the horse.

Early embryo development in the horse is characterized by various events spe-
cific to this species [35, 116]. The blastocyst enters the uterus at around day 6.5
after ovulation and, almost immediately on arrival, develops a tertiary embryo
coat, the blastocyst capsule, between the trophectoderm and the zona pellucida
[33, 151]. Unlike other species characterized by a long pre-implantation period, the
horse conceptus does not elongate, but instead maintains a spherical shape that
enables it to migrate around the uterine cavity until day 16-17 of pregnancy. Gas-
trulation, neurulation and organogenesis begin as early as day 12 after ovulation,
and by day 40 of gestation definitive implantation takes place with the interdig-
itation of the conceptus’ trophectoderm and the endometrial luminal epithelium
[6].

Compared to other species, the horse conceptus survives and develops for an
impressively long period in the uterine cavity before implantation begins. In mice
and women, the blastocyst implants at around day 5 and 8 after ovulation, respec-
tively. In large animal species, such as ruminants and pigs, implantation starts
during the third week of pregnancy, on day 15 in the pig, day 16 in the sheep and
day 19 in the cow [26]. During its prolonged pre-implantation period, the horse
conceptus is entirely dependent on the uterine environment and, in particular, the
uterine secretions or ‘histotroph’ for nutrient provision. Not only does the his-
totroph support the conceptus during the pre-implantation period but, even when
the placenta is fully developed, the endometrial glands remain functional and his-
totroph secretion remains an important source of nutrients and growth factors to
support fetal development until the end of gestation [5].

The pre-implantation period is a critical time for maintenance of pregnancy,
and pregnancy losses during this period are relatively high. In the mare, embryonic
losses range from 2.6 to 24% between initial pregnancy detection and day 60
[211], with most of the losses occurring between days 15 and 35 [145]. In the
case of equine twin pregnancies where both conceptuses become fixed at the base
of the same uterine horn, the likelihood of death and resorption of one of the
twins is very high between days 18 and 30 of pregnancy [13, 145]. It has been
suggested that the spontaneous reduction of twin pregnancies is the consequence of
insufficient absorption of histotroph by the choriovitelline membrane of one twin as
a consequence of being orientated against its co-twin. This helps demonstrate the
importance of an adequate (quantitative) supply of histotroph for the maintenance
of pregnancy and development of the conceptus. Since the luminal epithelium
and endometrial glands synthesize, transport and/or secrete the histotroph into
the uterine lumen, it is important to understand the products and mechanisms
involved in supporting equine conceptus survival and development.
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Although the exact composition of histotroph is not known, histotroph is
known to contain ions, amino acids, carbohydrates, proteins, hormones and lipids
[25, 189]. In order to transport the amino acids, glucose and fructose into the uter-
ine lumen, and from the uterine lumen into the conceptus, specific transporters
are required.

As demonstrated in chapters 3 and 4, many amino acid and glucose trans-
porters are present at the conceptus-uterine interface during early equine preg-
nancy. Although a wide range of glucose transporters were identified in the
endometrium, only SLC2A1 showed a marked upregulation during early preg-
nancy. On the other hand, several amino acid transporters, including SLC38A2,
SLC1A4 and SLC1A5, were up-regulated in the endometrium during early preg-
nancy. Clearly, nutrient transport during early pregnancy employs specific trans-
porters since other glucose transporters such as SLC2A8, SLC5A1 and SLC2A10
and amino acid transporters such as SLC7A8, SLC43A2 and SLC7A1 were down-
regulated in the endometrium during early pregnancy. While transport of nutri-
ents into the uterine lumen is one side of the equation, it is clearly essential that
effective transport mechanisms are in place in the conceptus membranes since the
developing embryo/fetus requires increasing amounts and different types of nu-
trients to adequately support its growth and development. During early equine
conceptus development, all of the glucose and amino acid transporters studied
were up-regulated in the yolk sac membrane between day 14 and 28 of pregnancy.
This blanket increase in all available transporters is probably related to the rapid
development of the conceptus and its increasing needs for nutrients. Although
fructose is not found in the uterine lumen during the estrous cycle, it is detected
and increases in concentration during early equine pregnancy; moreover, the fruc-
tose is produced by the conceptus [174, 235], proving that there is an increase in
glucose consumption and utilization by the horse conceptus.

The differences observed in glucose and amino acid transporter expression re-
flect the hormonal changes occurring in the uterus during the estrous cycle and
early pregnancy. Thus, the genes responsible are likely to be regulated by proges-
terone and/or factors secreted by the conceptus. Although the exact amino acid
content of the uterine luminal fluids (ULF) is not known in the horse, in other do-
mestic mammals the concentration of specific amino acids increases in the uterine
fluids during pregnancy [30, 70, 89]. Since specific transporters are up-regulated
in the endometrium of pregnant mares, it is likely that amino acid content in the
uterine fluids reflects the transporter population, and that specific neutral and an-
ionic amino acids increase thanks to increased abundance of SLC38A2, SLC1A4
and SLC1A5 transporters. During early pregnancy, the up-regulated expression of
the glucose transporter SLC2A1 was not accompanied by an increase of the glucose
concentration of uterine fluids [235], however prompt absorption and utilization
of glucose by the conceptus may have masked differences in glucose availability.

The insulin-like growth factors IGF1 and IGF2 are two of the most important
histotrophic components regulating the development of the embryo and placental
membranes [161, 181]. Moreover, IGF1 and 2 help to regulate placental nutri-
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ent uptake based not only on fetal demand, but also on nutrient availability and
environmental signals [73, 75, 181]. In genetically modified mice with a specific
knock out of Igf2 in placental tissue, glucose and MeAIB (methyl-aminoisobutyric)
uptake increases, and is followed by an up-regulation of transporters Slc2a3 and
Slc38a4 in the placenta (Constancia et al., 2005). In other cases of Igf2 dysregula-
tion, other amino acid transporters such as Slc38a2, Slc1a1 and transporters from
system y+ (Slc7a1, Slc7a2 and Slc7a3 ) are altered in the placenta [75]; similarly,
IGF1 supplementation in the sheep alters placental amino acid transfer [73].

We therefore investigated expression of the IGF system during early equine
pregnancy (Chapter 5). We found that IGF2, the insulin receptor (INSR) and the
binding proteins IGFBP1 and IGFBP2 were up-regulated in the endometrium
during pregnancy. Together with an increase in INSR expression, protein localiza-
tion changed from the glandular epithelium to the luminal epithelium by day 28 of
pregnancy. Expression of IGF1 and IGF2R did not alter during the cycle and early
pregnancy, while IGF1R increased on day 14 of the cycle and pregnancy. In the
conceptus membranes, nearly all members of the IGF system were up-regulated
between days 7 and 28 of pregnancy, including IGF1, IGF2 and IGF1R protein.
The exception was INSR protein which was almost absent from the membranes.
The IGF system plays an important role in endometrial stromal cells during the
decidualization process in mice and women by stimulating growth of decidualized
cells [85, 136]. During the pre-implantation period in the horse, the endometrium
needs to prepare for implantation, and it is possible that the IGF system is in-
volved in stimulating cell proliferation and cell differentiation given that IGF2,
INSR and IGFBP1 are all up-regulated. In the conceptus, IGF1 and IGF2 may
play a role in the regulation of nutrient uptake since IGF1R is also expressed in
conceptus membranes.

The genes IGF2, IGF2R and INSR are known to be imprinted genes in equine
placenta [220].Imprinted genes are expressed in a parent-of-origin manner, play
an important role in fetal-placental development [14, 47, 75, 165], and are among
the first to show disturbed expression in response to alterations on the maternal
(or local) environment. Since many genes are known to be imprinted in the pla-
centa, a panel of genes was selected for analysis of expression in equine conceptus
membranes in response to uterine asynchrony (Chapter 2). All of the genes stud-
ied in this chapter (maternally imprinted: DIO3, IGF2, INSR, PEG3, PEG10,
NDN and SNRPN ; paternally imprinted: GRB10, H19, IGF2R and PHLDA2 ),
were up-regulated between days 14 and 19 of pregnancy. The Kinship theory pre-
dicts that paternally expressed genes promote fetal growth by increasing use of
maternal resources, while the maternally expressed genes limit fetal growth by reg-
ulating resource allocation. In early equine conceptuses, no difference was found
in the pattern of expression between maternally and paternally imprinted genes
and neither was there any obvious and/or directional effect of imposing uterine
asynchrony by embryo transfer. However, it is noted that nearly all of the genes
examined were ‘switched on’ during the period of study (day 14-19) and no specific
techniques were employed to determine whether the maternal or paternal allele
was expressed or had already been switched off at this stage. It is possible that
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both alleles are initially expressed at the same level and that imprinting effects
only appear later when there are more ‘decisions’ to make about how to regulate
conceptus growth and development.

7.2 Asynchronous embryo transfer model

To further understand the impact of the uterine environment on equine conceptus
development during early pregnancy we used an asynchronous embryo transfer
model (introduced in Chapter 2). By imposing asynchrony between the age of the
embryo/conceptus and the stage of the uterus, we hoped to differentiate between
the effects of progesterone and/or the embryo on endometrial gene expression.
To create a negatively asynchronous condition, day 8 embryos were transferred to
recipient mares that had ovulated 5 days after the donor (i.e. day 3 endometrium),
such that the uterus of the asynchronous recipient mare had been exposed to
progesterone for 5 days fewer than in the control situation, and now contained a
conceptus 5 day ‘older’ than appropriate to the uterine stage.

It is already known that horse embryos can tolerate a relatively large degree
of asynchrony, as illustrated by a series of studies by Wilsher et al. [225–227];
although a negative asynchrony of up to 6 days allows a similar likelihood of
pregnancy being established in the recipient mare, conceptus development appears
to be retarded if negative asynchrony exceeds 4 days [52, 227]. In addition, it was
recently reported that embryos developing in a progesterone-deprived environment
suffer from retarded development from at least as early as day 8 after ovulation
[128]. Progesterone has a wide-ranging impact on the endometrial gene expression
profile, as demonstrated by different studies [66, 67, 127, 177]. Thus, after an
abbreviated period of exposure to progesterone, the uterine environment is likely
to have a very different gene expression profile resulting in a different histotroph
composition likely to be inadequate or suboptimal for a more advanced embryo.

Similar to what Wilsher et al. [226], we found that conceptus development was
retarded when embryos were transferred to a -5 day asynchronous uterus. On day
14 of pregnancy (6 days after ET), the embryonic disc was smaller and less de-
veloped in the asynchronous conceptus compared to conceptus after synchronous
ET. On day 19 of pregnancy (11 days after ET), the asynchronous conceptuses
displayed an embryo proper with fewer pairs of somites, a less advanced stage
of neurulation, and with membranes that were not yet vascularized whereas they
showed clear vascularization in synchronous conceptuses. Overall, transferring the
conceptus to a -5 day asynchronous uterine environment led to a retardation of ap-
proximately 3 days in conceptus development which was already apparent as early
as 6 days after ET. We also looked at the expression of imprinted genes after asyn-
chronous ET. All of the imprinted genes studied in chapter 2 were up-regulated
between day 14 and 19 of synchronous (except for HAT1 ) and asynchronous preg-
nancies (expect for HAT1 and IGF2R). However, on day 19 of pregnancy, IGF2,
PEG3, PEG10, H19 and PHLDA2 were less highly expressed after asynchronous
than synchronous ET. We found a similar pattern of expression for the amino acid
transporters SLC7A5, SLC1A4, SLC1A5, SLC1A1 and SLC7A1, and the glucose
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transporter SLC2A2. Similarly, the DNA methyltransferases DNMT1, DNMT3A
and DNMT3B, were up-regulated between days 14 and 19 of synchronous pregnan-
cies and were more highly expressed in synchronous than asynchronous conceptus
membranes on day 19 of pregnancy. In short, the up-regulation of a wide range of
selected placental-function related genes was delayed in the conceptuses develop-
ing in an asynchronous environment, but seemed to reflect retarded development
more than indicating any specific dysregulation.

These initial results on the effect of an asynchronous environment on concep-
tus development were followed-up by RNA-sequencing on both endometrium and
conceptus membrane tissue on days 14 and 19 of pregnancy (6 and 11 days after
ET). The RNA-seq analysis revealed 556 genes that were differentially expressed
between synchronous and asynchronous conceptus membranes on day 14 of preg-
nancy, and 3472 DEGs on day 19 of pregnancy. Day 19 conceptuses developing in
a synchronous or asynchronous environment therefore presented a very different
gene expression profile. These differences can be linked primarily to the rapid
growth and development of the conceptus during early pregnancy and the de-
velopmental changes in the conceptus membranes. Indeed, functional groups of
genes that were up-regulated in the more advanced conceptus included clusters
involved in cell migration, cell proliferation, cell adhesion, regulation of cell shape,
immune and inflammatory responses and angiogenesis. All of these biological
processes are important for placental membrane development and enhanced ca-
pacity for nutrient and gaseous exchange and distribution. Less expectedly, genes
linked to mitochondrial function such as mitochondrion membrane, and matrix
respiratory chain complex I were down-regulated in day 19 synchronous concep-
tus membranes; we do not, however, know whether the number or function of
mitochondria in conceptus membranes is affected by advancing pregnancy or ET.

These studies helped to establish that the horse conceptus has the ability to
‘sense’ the micro-environment and modify its speed of development in order to wait
for the uterus to ‘catch-up’. The delay in conceptus development is presumably
related to the composition of the histotroph secreted by the luminal and glan-
dular cells of the endometrium. The changes in conceptus development observed
after asynchronous ET must be related to the sub-optimal uterine environment
into which the conceptus was transferred. For this reason, we performed RNA-seq
analysis of endometrial samples to try and identify genes that could play a role in
the delay of conceptus development, or conversely the progress in development in
a synchronous uterus. The analysis revealed 523 DEGs between the synchronous
(corresponding to a day 14 endometrium) and asynchronous (corresponding to a
day 9 endometrium) endometrium on day 14 of conceptus development. On day 19
of conceptus development, 715 genes were differentially expressed between the syn-
chronous (corresponding to a day 19 endometrium) and asynchronous conditions
(corresponding to a day 14 endometrium). Finally, in the comparison between the
synchronous ET on day 14 of pregnancy and the asynchronous ET on day 19 of
pregnancy (both with a day 14 endometrium), only 14 genes were differentially
expressed. This indicates, at least at a gross level, a fairly modest or narrow effect
of a more advanced embryo on its surrounding uterine environment. The main
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biological functions up-regulated in day 14 (compared to day 9) endometrium were
cell migration, cell signaling and angiogenesis whereas in day 19 (compared to day
14) endometrium, cell signaling was also up-regulated together with inflammatory
responses and genes involved in cell membrane.

During early pregnancy, the endometrium’s gene expression profile changes
rapidly due to the role it needs to play in the maintenance of the corpus luteum,
and as a result of the increasing duration of endometrial exposure to progesterone,
but also as a result of the presence of the conceptus and factors secreted by the
latter. Luteal progesterone and conceptus secreted factors can have both direct
or indirect effects on the endometrium, altering endometrial gene expression and
consequently affecting histotroph composition. Thus, when a conceptus is trans-
ferred to an out-of-phase uterus, the conceptus will not encounter an appropriate
histotroph in terms of its composition. The horse conceptus appears to be unique
in its ability to 1) survive in such an out-of-phase environment and 2) to delay its
development to wait for the endometrium to catch-up. The uterine environment
is clearly critical in supporting and stimulating conceptus development, and the
endometrial gene expression profile changes in such a way as to adapt to the needs
of the developing conceptus.

Further analysis of the RNA-seq data revealed 2 genes, IGFBP3 and KNG1,
which were up-regulated in the more advanced endometrium at both 6 and 11
days after ET. In the comparison between day 14 endometrium exposed to either
a synchronous or a more advanced conceptuses, these genes were up-regulated in
the presence of the synchronous (i.e day 14) conceptus. Interestingly, therefore, it
was not simply that a more advanced conceptus stimulated increased expression
of these 2 genes, but rather a more synchronous conceptus. The fact that both
genes were differentially expressed between all 3 comparisons, suggests a critical
role during pregnancy in matching embryo and maternal stage which could have
an impact on either the endometrium or the conceptus.

KNG1 is kininogen 1 which, after alternative splicing, gives the high molec-
ular weight pre-protein kininogen. Once that pre-protein has been cleaved, the
pro-inflammatory bradykinin is released. Bradykinin is part of the kinin-kallikrein
family of which many members are present in the endometrium [4, 117, 140, 215],
conceptus membranes [119] or uterine luminal fluids [187] during early pregnancy.
However, the function of the kinin-kallikrein system during pregnancy is not well
understood. We speculate that the system is involved in inflammatory responses,
angiogenesis and prostaglandin synthesis. Since the horse conceptus is known to
secrete large quantities of various prostaglandins from an early stage, we hypothe-
sized that bradykinin might regulate prostaglandin production. Indeed, we found
that bradykinin was able to stimulate release of PGE2, PGF2α and 6-keto PGF1α
by cultured trophectoderm cells.

To actually release bradykinin in vivo, various steps and factors are required.
First, pre-kallikrein has to be cleaved by factor XII, after which kallikrein can
cleave the high molecular weight kininogen. The various factors required for a
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functional kinin-kallikrein system are all expressed during early pregnancy in the
horse, either in the conceptus or in the endometrium, as shown by our RNA-seq
analysis and also evident from previous transcriptomic analyses [117, 120, 140]. In
previous studies, kininogen was detected only in the endometrium, however we also
detected KNG1 expression in day 19 conceptuses (other studies have not looked
at the conceptus beyond day 16). Plasma kallikrein (KLB1) was only detected
in the endometrium, factor XII only in conceptus membranes, and bradykinin
receptors were only expressed in the endometrium. In addition, KNG1 protein
was previously detected in uterine luminal fluids [187]. Overall therefore, the
various elements of the kinin-kallikrein system are all expressed in either the con-
ceptus membranes or the endometrium, and this system, or at least bradykinin,
appears to be involved in augmenting prostaglandin production. Interestingly, for
the system to function, a close apposition and interaction between the conceptus
and the maternal environment is clearly required and it is a least an example
of aa pathway/mechanism that the conceptus can use to detect the stage of the
endometrium, and regulate the speed of growth accordingly.

7.3 Perspectives

Throughout this thesis, we have concentrated on the importance of the uterine
environment to ‘normal’ conceptus development during the pre-implantation pe-
riod. To do this, we have investigated the availability of nutrient transporters,
critical for transporting specific molecules into the uterine lumen and through the
conceptus membranes, and the expression of the IGF system which is important
for regulating placental nutrient uptake and the support of conceptus growth and
development.

The asynchronous ET model proved very useful for demonstrating how sensi-
tive the equine conceptus is to its environment, in that it is able to very rapidly
sense a difference in the uterine environment and adapt its development accord-
ingly. In particular, the equine conceptus was able to slow its development to
wait for the endometrium to catch up. While horse pregnancies in a negatively
asynchronous uterus can develop beyond day 45 [52, 226], in other mammals a
substantial degree of uterine-conceptus asynchrony results in a high likelihood of
pregnancy loss before implantation [127, 162, 223]. This makes the equine embryo
unique in its ability to adapt to its uterine environment; while this may appear
advantageous, it could have serious subsequent effects on fetal and placental de-
velopment, and on the foal postnatally and later in life. This assumes that the
retarded development is also subject to the Developmental Origins of Health and
Diseases (DOHaD) paradigm first proposed by Barker. An ever-growing field of
research has confirmed that the period around conception is critical for the epi-
genetic constitution of the conceptus, and that perturbation arising at this stage
can lead to long-term effects at the level of gene expression [64]. Periconception
epigenetic reprogramming can be influenced by nutrition (overnutrition, obesity,
undernutrition), paternal factors, the use of assisted reproductive techniques and,
in fact, anything that can affect the environment to which the conceptus is exposed
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during early pregnancy (maternal stress, environmental perturbations).

Assisted reproductive techniques used in human medicine have direct effects
on birthweight and congenital abnormalities linked to epigenetic alterations [64].
The type of culture media used for embryo culture can affect outcome, and there is
a higher risks of low birth weight following in vitro embryo culture, which persists
until at least 2 years of age. In the horse, embryo transfer is a routine technique,
and ovum pick-up and ICSI are becoming increasingly widespread. However, the
impact of these techniques on fetal growth and development, and on health and
morbidity in the resulting horses later in life are currently unknown. Very recently,
one study showed that producing pregnancies by natural insemination, embryo
transfer or ICSI, had no effect on foal development, on placenta morphometry or
on the expression of genes involved in growth and development, including nutri-
ent transporters [208]. On the other hand, equine embryos are very sensitive to
the in vitro environment, and the numbers of blastocysts obtained after oocyte
maturation and fertilization are lower than for man and cattle. The percentage of
immature oocytes that successfully reach metaphase II in vitro is around 50-60%
and, from the oocytes injected, 60 to 70% of them successfully cleave, whereas
only 17 to 28 % will ultimately develop into a transferrable blastocyst [84]. Prob-
ably, the culture medium for equine embryo production is not optimal and specific
factors found in the mare (i.e. in the oviduct and uterus) are missing from culture
media. Furthermore, since the development of in vitro blastocysts is slower than
in vivo, it is hard to estimate the optimal stage at which an in vitro produced
embryo should be transferred to the uterus of a recipient mare (i.e. the optimal
day after ovulation). In a recent study, it was found that in vitro produced blas-
tocysts survived best after transfer to a recipient mare on day 4 after ovulation
[52]. Since the equine embryo is so sensitive to its environment, it is possible that
embryos that do develop in vitro and are then transferred into a recipient have
adapted in a way (epigenetic programming) that have an impact later in life.

In the horse, maternal size has a direct effect on fetal, placental and post-natal
growth; this has been demonstrated by studying between-breed (pony, Thorough-
bred or draft horse) pregnancies after cross-breed embryo transfer [9–11, 155]. For
example, a Thoroughbred embryo transferred into a pony mare results in a foal
with a lower birth weight and lighter placenta than a Thoroughbred transferred
into another Thoroughbred, whereas a pony embryo transferred into a Thorough-
bred mare resulted in a foal with a higher birth weight than a pony in pony [9].
This shows that fetal growth can be enhanced or restricted by the in utero en-
vironment, and the differences in weight and size persisted until at least 3 years
of age [11]. Similarly, transferring a saddlebred embryo into a pony induced fe-
tal growth restriction which had further effects on the placenta including reduced
expression of genes involved in growth and development and coding for nutrient
transporters, accompanied by reduced placenta weight but increased placental sur-
face density [172]. In short, adaptations occur in the placenta to regulate growth
and development of the fetus.

Finally, diets fed to a mare before and during pregnancy can also have long-
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term effects on the resulting foal, especially in the case of a rich diet. Although
conceptus growth was not noticeably affected by the diet fed to a mare, foals
developing in a mare fed a rich diet were more insulin resistant [156, 173] but
had an enhanced ability to utilize glucose by non-insulin dependent pathways
compared to foals from control mares [171]. In addition, foals from an obese
mare were more at risk of developing osteochondrosis [171]. These studies have
all examined the effect of altered diet during the entire pregnancy, and the effect
of these diets on the foal at birth and shortly after weaning. Moreover, the size of
the mare regulates the size of the placenta and the growth of the foal, such that
the larger the mare, the larger the placenta and the larger the foal. This helps
explains why diet can have such a profound impact on the fetus during the entire
pregnancy. However, it is also believed that the peri-conception period is critical
time for the conceptus and environmental conditions at this time can have an
effect on development and growth of the fetus, at birth and later in life [64]. For
this reason, we created an additional model to study the effect of an obesogenic
diet during early development in Shetland ponies. The effect of an obesogenic
diet during the first 4 weeks of gestation was assessed by transferring embryos
from obese to control mares and vice versa, with 4 experimental groups created
embryo from a normally fed (control mare) transferred to another control mare
(C-in-C), embryo from an overfed/obese mare transferred to another obese mare
(O-in-O) and the between-group transfers C-in-O and O-in-C, respectively. Using
this model, we hope to see if periconception maternal obesity / overfeeding alters
the epigenetic constitution of the early (day 8 embryo) and, thereafter, whether
changing the environment after day 8 allows correction of any changes identified,
or whether these are already immutable. In this way, such studies will help us to
understand to what degree an embryo/conceptus can adapt to its environment,
and to what degree any (potentially) detrimental changes can be corrected by
returning the embryo/conceptus to a more favorable environment; i.e. what degree
of developmental plasticity is retained.

In conclusion, horse conceptus development is sensitive to the (uterine) envi-
ronment in which it occurs with, in the case of an asynchronous uterus, the con-
ceptus adapting its developmental stage accordingly to ensure subsequent roughly
synchronous development. In this respect, we found that the endometrial tran-
scriptome is different in an asynchronous uterus, due to a shorter duration of
exposure to progesterone on which an advanced conceptus has relatively little in-
fluence (i.e. very few DEGs). The different gene expression profile of an earlier
post-ovulation uterus will result in a different histotroph composition which is pre-
sumably the primary signal / factor resulting in developmental retardation of the
conceptus. Interestingly, the equine conceptus has an unusual ability to not only
sense the changes in the uterine environment but also to delay its development
to wait for the endometrium to catch-up. Finally, nutrient transporters and the
IGF system, which support placental nutrient uptake, are expressed early on in
pregnancy and adapt to help support the needs of the equine conceptus during a
an unusually long pre-implantation period.
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Viguié, C., Wimel, L., Bouraima-Lelong, H., Serteyn, D., Couturier-Tarrade,
A. & Chavatte-Palmer, P. Maternal obesity increases insulin resistance, low-
grade inflammation and osteochondrosis lesions in foals and yearlings until
18 months of age. PLOS ONE 13 (ed Fürnsinn, C.) e0190309 (2018).

172. Robles, M., Peugnet, P. M., Valentino, S. A., Dubois, C., Dahirel, M.,
Aubrière, M.-C., Reigner, F., Serteyn, D., Wimel, L., Couturier-Tarrade,
A. & Chavatte-Palmer, P. Placental alterations in structure and function in
intra-uterine growth-retarded horses. Equine Veterinary Journal 50, 405–
414 (2018).

173. Robles, M., Gautier, C., Mendoza, L., Peugnet, P., Dubois, C., Dahirel, M.,
Lejeune, J.-P., Caudron, I., Guenon, I., Camous, S., Tarrade, A., Wimel, L.,
Serteyn, D., Bouraima-Lelong, H. & Chavatte-Palmer, P. Maternal Nutri-
tion during Pregnancy Affects Testicular and Bone Development, Glucose
Metabolism and Response to Overnutrition in Weaned Horses Up to Two
Years. PLOS ONE 12 (ed Fürnsinn, C.) e0169295 (2017).

174. Ruddock, W., Crews, L., Waelchli, R. O. & Betteridge, K. J. Fructose ac-
cumulation by the equine conceptus during the second to fourth weeks of
gestation. Theriogenology 53, 286 (abstract) (2000).

175. Rutanen, E. M. Insulin-like growth factors and insulin-like growth factor
binding proteins in the endometrium. Effect of intrauterine levonorgestrel
delivery. Human reproduction (Oxford, England) 15 Suppl 3, 173–81 (2000).

140



main January 7, 2019 Page 141 �
�	

�
�	 �
�	

�
�	

Chapter 7 Bibliography

176. Sandra, O., Mansouri-Attia, N. & Lea, R. G. Novel aspects of endometrial
function: A biological sensor of embryo quality and driver of pregnancy
success. Reproduction, Fertility and Development 24, 68–79 (2012).

177. Satterfield, M. C., Bazer, F. W. & Spencer, T. E. Progesterone Regulation
of Preimplantation Conceptus Growth and Galectin 15 (LGALS15) in the
Ovine Uterus. Biology of Reproduction 75, 289–296 (2006).

178. Satterfield, M. C., Hayashi, K., Song, G., Black, S. G., Bazer, F. W. &
Spencer, T. E. Progesterone regulates FGF10, MET, IGFBP1, and IGFBP3
in the endometrium of the ovine uterus. Biology of reproduction 79, 1226–
1236 (2008).

179. Satterfield, M. C., Song, G., Kochan, K. J., Riggs, P. K., Simmons, R. M.,
Elsik, C. G., Adelson, D. L., Bazer, F. W., Zhou, H. & Spencer, T. E.
Discovery of candidate genes and pathways in the endometrium regulating
ovine blastocyst growth and conceptus elongation. Physiological Genomics
39, 85–99 (2009).

180. Scott, C. D. & Kiess, W. Soluble M6P/IGFIIR in the circulation. Best Prac-
tice & Research Clinical Endocrinology & Metabolism 29, 723–733 (2015).

181. Sferruzzi-Perri, A. N., Owens, J. A., Pringle, K. G. & Roberts, C. T. The
neglected role of insulin-like growth factors in the maternal circulation reg-
ulating fetal growth. The Journal of Physiology 589, 7–20 (2011).

182. Sharp, D. C. The early fetal life of the equine conceptus. Animal reproduc-
tion science 60-61, 679–89 (2000).

183. Sharp, D. C., Thatcher, M.-J., Salute, M. E. & Fuchs, A.-R. Relationship
between endometrial oxytocin receptors and oxytocin-induced prostaglandin
F2 release during the oestrous cycle and early pregnancy in pony mares.
Reproduction 109, 137–144 (1997).

184. Short, R. V. in Ciba Foundation Symposium - Foetal Autonomy 2–31 (Wiley-
Blackwell, 2008).

185. Simmen, R. C., Simmen, F. A., Hofig, A, Farmer, S. J. & Bazer, F. W.
Hormonal regulation of insulin-like growth factor gene expression in pig
uterus. Endocrinology 127, 2166–74 (1990).

186. Simmons, R. M., Erikson, D. W., Kim, J., Burghardt, R. C., Bazer, F. W.,
Johnson, G. A. & Spencer, T. E. Insulin-like growth factor binding protein-
1 in the ruminant uterus: potential endometrial marker and regulator of
conceptus elongation. Endocrinology 150, 4295–4305 (2009).

187. Smits, K., Willems, S., Van Steendam, K., Van De Velde, M., De Lange,
V., Ververs, C., Roels, K., Govaere, J., Van Nieuwerburgh, F., Peelman, L.,
Deforce, D. & Van Soom, A. Proteins involved in embryo-maternal interac-
tion around the signalling of maternal recognition of pregnancy in the horse.
Scientific Reports 8, 1–14 (2018).

188. Spencer, T. E., Johnson, G. A., Burghardt, R. C. & Bazer, F. W. Proges-
terone and Placental Hormone Actions on the Uterus: Insights from Domes-
tic Animals. Biology of Reproduction 71, 2–10 (2004).

141



main January 7, 2019 Page 142 �
�	

�
�	 �
�	

�
�	

Chapter 7 Bibliography

189. Spencer, T. E., Sandra, O. & Wolf, E. Genes involved in conceptus-endometrial
interactions in ruminants: insights from reductionism and thoughts on holis-
tic approaches. Reproduction (Cambridge, England) 135, 165–79 (2008).

190. Spencer, T. E., Forde, N. & Lonergan, P. The role of progesterone and
conceptus-derived factors in uterine biology during early pregnancy in ru-
minants. Journal of Dairy Science 99, 5941–5950 (2016).

191. Starbuck, G. R., Stout, T. A. E., Lamming, G. E., Allen, W. R. & Flint,
A. P. F. Endometrial oxytocin receptor and uterine prostaglandin secretion
in mares during the oestrous cycle and early pregnancy. Reproduction 113,
173–179 (1998).

192. Steinhauser, C. B., Landers, M., Myatt, L., Burghardt, R. C., Vallet, J. L.,
Bazer, F. W. & Johnson, G. A. Fructose Synthesis and Transport at the
Uterine-Placental Interface of Pigs: Cell-Specific Localization of SLC2A5,
SLC2A8, and Components of the Polyol Pathway. Biology of Reproduction
95, 108–108 (2016).

193. Steinhauser, C. B., Wing, T. T., Gao, H., Li, X., Burghardt, R. C., Wu,
G., Bazer, F. W. & Johnson, G. A. Identification of appropriate reference
genes for qPCR analyses of placental expression of SLC7A3 and induction
of SLC5A1 in porcine endometrium. Placenta 52, 1–9 (2017).

194. Stout, T. A. E. Equine embryo transfer: review of developing potential.
Equine Veterinary Journal 38, 467–478 (2010).

195. Stout, T. A. E. & Allen, W. R. Prostaglandin E(2) and F(2 alpha) pro-
duction by equine conceptuses and concentrations in conceptus fluids and
uterine flushings recovered from early pregnant and dioestrous mares. Re-
production (Cambridge, England) 123, 261–8 (2002).

196. Stout, T. A. E., Lamming, G. E. & Allen, W. R. Oxytocin administration
prolongs luteal function in cyclic mares. Reproduction 116, 315–320 (1999).

197. Stout, T. A. & Allen, W. R. Role of prostaglandins in intrauterine migration
of the equine conceptus. Reproduction (Cambridge, England) 121, 771–5
(2001).

198. Stout, T. A. E. Selection and management of the embryo transfer donor
mare. Pferdeheilkunde 19, 685–688 (2003).

199. Stout, T. A. E. Embryo-maternal communication during the first 4 weeks
of equine pregnancy. Theriogenology 86, 349–354 (2016).

200. Swegen, A., Grupen, C. G., Gibb, Z., Baker, M. A., de Ruijter-Villani,
M., Smith, N. D., Stout, T. A. & Aitken, R. J. From Peptide Masses
to Pregnancy Maintenance: A Comprehensive Proteomic Analysis of The
Early Equine Embryo Secretome, Blastocoel Fluid, and Capsule. Proteomics
(2017).

201. Tan, K. S., Inoue, T., Kulkeaw, K., Tanaka, Y., Lai, M. I. & Sugiyama, D.
Localized SCF and IGF-1 secretion enhances erythropoiesis in the spleen of
murine embryos. Biology Open 4, 596–607 (2015).

142



main January 7, 2019 Page 143 �
�	

�
�	 �
�	

�
�	

Chapter 7 Bibliography

202. Thieme, R., Ramin, N., Fischer, S., Püschel, B., Fischer, B. & Navarrete
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English Summary

The pre-implantation period is a critical time for the establishment and mainte-
nance of pregnancy and, in the mare as in other species, is characterized by a high
incidence of embryonic loss. The equine conceptus develops for an usually long
period within the uterine cavity (40-42 days) before implantation begins and a
stable attachment is formed. Moreover, at the time of implantation, the equine
embryo has already undergone a number of critical developmental events such as
gastrulation, neurulation and initial organogenesis to reach the fetal stage. During
its prolonged pre-implantation period, the equine conceptus is entirely dependent
on the uterine luminal environment and, in particular, on the uterine secretions or
‘histotroph’ for nutrient provision. Since the luminal epithelium and endometrial
glands synthesize, transport and/or secrete the histotroph into the uterine lumen,
it is important to understand the mechanisms involved in regulating endometrial
secretion of the molecules required for conceptus survival and development. The
main focus of this thesis was to improve our understanding of the role of the uter-
ine environment in supporting equine conceptus development and, in particular,
to dissect the importance of maternal progesterone and conceptus-secreted factors
in preparing the uterus for its role during pre-implantation development in the
horse.

In order to transport amino acids, glucose and fructose into the uterine lu-
men, and from the uterine lumen into the conceptus, specific transporters are
required. As demonstrated in chapters 3 and 4, many amino acids and glucose
transporters are specifically present at the conceptus-uterine interface during early
equine pregnancy. The developing embryo/fetus requires increasing amounts and
different types of nutrients to adequately support its growth and development,
as illustrated by the up-regulation of glucose and amino acid transporters during
early development. A wide range of glucose and amino acid transporters were
identified in the endometrium, and were either up- or down-regulated during early
pregnancy; the change of expression of these transporters appeared to be regulated
by duration of exposure to progesterone and/or factors secreted by the conceptus,
which presumably ensures that amino acid content of the uterine fluids matches
conceptus requirements.
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The IGF system is important for regulating the development of the embryo
and placental membranes, including the capacity for nutrient uptake (chapter
5), with IGF2 and the IGF2R thought to play critical roles in dictating placental
and, thereby, fetal growth and size. An overlapping group of genes, the placentally
imprinted genes (chapter 2), also play an important role in fetal-placental develop-
ment and, in particular, in balancing paternal interests in terms of nutrient supply
to the fetus; in this respect, the paternal genome would favor maximum nutrient
supply to the fetus, whereas the maternal genome would restrict placental sup-
ply to protect maternal well-being. As well as displaying distinct parent-of-origin
expression, the imprinted genes are typically among the first to show disturbed
expression (epigenetic perturbation) in response to alterations in the maternal (or
local) environment. During the pre-implantation period, the endometrium needs
to prepare for implantation and, given that IGF2, INSR and IGFBP1 are all
up-regulated in equine endometrium during this period, it is likely that the IGF
system is involved in stimulating uterine cell proliferation and cell differentiation
required for implantation. In the equine conceptus the IGF system, and in par-
ticular IGF1 and IGF2, may play a role in regulating nutrient uptake since their
primary receptor, IGF1R, is also expressed in the conceptus membranes while
both ligands are present in abundance in the uterine lumen. During this study
we discovered that the majority of placentally imprinted genes were ‘switched on’
in equine conceptus membranes in the period between days 14 and 28, although
the initial pattern of expression was similar for both maternally and paternally
imprinted genes.

To better understand the impact of the uterine environment on equine concep-
tus development, and to differentiate between the effects of progesterone and/or
the embryo on endometrial gene expression we employed an asynchronous embryo
transfer model (chapters 2 and 5). The effects of progesterone in the endometrium
are time-dependent; therefore, if the uterine environment has been exposed to pro-
gesterone for a shorter period than normal, the endometrium will exhibit a very
different gene expression profile resulting in a distinct histotroph composition,
which may be inadequate or suboptimal for the development of a more advanced
embryo. This explains why, in most species, only a mild degree of uterine-embryo
asynchrony is tolerated, in terms of embryo survival. The horse conceptus can, by
contrast, tolerate a relatively large degree of asynchrony; nevertheless, transfer-
ring a day 8 conceptus into an uterine environment 5 days behind embryonic age
(i.e. a day 3 uterus) leads to a retardation of approximately 3 days in conceptus
development at the gene, cell and tissue level. RNA-sequencing analysis revealed
that conceptuses that developed in an asynchronous compared to a synchronous
uterus had a very different gene expression profile, which is not surprising given
the rapid growth and development of the embryo and its membranes during early
pregnancy. In this respect, it was not surprising that there were many more genes
differentially expressed between synchronous and asynchronous conceptus mem-
branes than in endometrium. Nevertheless, it was still remarkable that fewer than
20 genes were differentially expressed between day 14 endometrium in the pres-
ence of a synchronous versus an asynchronous conceptus, indicating a surprisingly
modest effect of a more advanced embryo on uterine gene expression. This does
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not mean that the embryo does not affect the endometrium, but rather that many
of the changes induced, such as those related to maintenance of the corpus lu-
teum, are presumably induced by a relatively young conceptus and do not alter
much further as conceptus development progresses further (i.e. on or off may be
more important than absolute level of expression). Other endometrial changes are
probably induced initially as a result of the increased duration of endometrial ex-
posure to progesterone, and subsequently subtly augmented or fine-tuned by the
presence of the conceptus and factors secreted by the latter. One of the 14 genes we
found to be differentially regulated in endometrium exposed to a more advanced
conceptus was kininogen 1 (KNG1), which is responsible for the production and
release of the protein bradykinin, part of the kinin-kallikrein system. Members
of the kinin-kallikrein system have previously been detected in the endometrium,
conceptus and uterine fluids in the horse. In our study, KNG1 was up-regulated
in the endometrium in the presence of a synchronous conceptus. As the horse
conceptus secretes large quantities of prostaglandins, which are involved in con-
ceptus migration and also thought to contribute to improved vascularity, and the
kinin-kallikrein system is involved in prostaglandin synthesis, angiogenesis and
inflammatory responses, we hypothesized that bradykinin might be involved in
regulating prostaglandin production. Indeed, we found that bradykinin was able
to stimulate release of PGE2, PGF2α and 6-keto PGF1α by cultured trophecto-
derm cells. Thus, for the kinin-kallikrein system to function optimally, it seems
that a close apposition and synchronous development of the conceptus and the
maternal environment is required.

In conclusion, the horse conceptus is sensitive to the (uterine) environment to
which it is exposed and, in the case of uterine asynchrony, is able to adapt its
development accordingly, in order to ensure subsequent roughly synchronous de-
velopment. Reflecting this adaptability, we found that the endometrial transcrip-
tome is subtly different in a uterus in the presence of a more advanced embryo (i.e.
very few DEGs). By contrast, the conceptus is markedly affected (retarded) by a
less advanced uterus; this is mainly a result of a shorter duration of endometrial
exposure to progesterone, but presumably compounded by the influence of the
conceptus itself as it succumbs to developmental retardation. The different gene
expression profile of a uterus exposed to a shorter period of progesterone priming
will result in a different histotrophic composition, which is presumably the primary
signal / factor resulting in developmental retardation of the conceptus. Interest-
ingly, the equine conceptus appears to have an unusual ability to not only sense
the changes in the uterine environment but also to delay its development and wait
for the endometrium to catch-up, thereby allowing the conceptus to survive. In
this respect, it is possible that specific pathways (for example the kinin-kallikrein
system) assist or enable the conceptus to detect the stage of the endometrium and
regulate its development accordingly. Finally, nutrient transporters and the IGF
system, which are required for placental nutrient uptake or development, respec-
tively, are expressed from early on in pregnancy and their expression adapts over
time, presumably to optimally support the needs of the equine conceptus during
its unusually long pre-implantation period.
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Dutch Summary

De pre-implantatieperiode is een kritische episode voor het tot stand komen en
het in stand houden van de dracht. Deze periode wordt bij het paard evenals bij
andere species gekenmerkt door een hoge incidentie van embryonale sterfte. De
paardenconceptus ontwikkelt zich gedurende een relatief lange periode (40-42 da-
gen) in de baarmoederholte voordat de implantatie begint en een stabiele hechting
wordt geconcretiseerd. Voorafgaand aan de implantatie heeft het paardenembryo
reeds een aantal kritieke ontwikkelingsfases doorgemaakt zoals de gastrulatie, de
neurulatie en de initiële organogenese om het foetale stadium te bereiken. Tijdens
deze verlengde pre-implantatieperiode is de conceptus volledig afhankelijk van het
milieu binnen de baarmoeder en met name van de voedingsstoffen in de uteriene
secretie (histotroph). Omdat het oppervlakkige epitheel en de endometriumklieren
de histotroph synthetiseren, transporteren en/of afscheiden naar het lumen van de
baarmoeder, is het belangrijk om de mechanismen te begrijpen die betrokken zijn
bij de regulering van secretie door het endometrium. Het belangrijkste doel van
dit proefschrift was inzicht te verkrijgen in de rol van het milieu in de baarmoeder
tijdens de ontwikkeling van de conceptus en, in het bijzonder, in de betekenis van
maternale progesteron enerzijds en het belang van de factoren die de conceptus
afgeeft anderzijds om de baarmoeder voor te bereiden op de rol in de periode
voorafgaand aan de implantatie.

Om aminozuren, glucose en fructose naar het baarmoederlumen te
transporteren en ook van het baarmoederlumen naar de conceptus, zijn specifieke
transporters noodzakelijk. Zoals aangetoond in de hoofdstukken 3 en 4, zijn in het
begin van de dracht veel aminozuren en glucosetransporters aanwezig met name
op het grensvlak uterus/conceptus. Het zich ontwikkelende embryo c.q. de foe-
tus heeft in toenemende mate verschillende soorten voedingsstoffen nodig voor de
groei en ontwikkeling, zoals onder andere weerspiegeld in de toename van glucose-
en aminozuurtransporters tijdens de vroege ontwikkeling. Een breed scala aan
glucose- en aminozuurtransporters werd aangetoond in het endometrium. Tijdens
de vroege ontwikkeling leek de verandering in expressie (stimulering of afremming)
van deze transporters te worden gereguleerd door de duur van de blootstelling aan
progesteron en/of door factoren die door de conceptus worden uitgescheiden. Dit
zorgt er vermoedelijk voor dat het aminozuurgehalte van de uterusvloeistoffen
overeenkomt met de behoeften van de conceptus.

Het systeem van insuline-achtige groeifactoren (IGFs) is van belang voor reg-
ulatie van de ontwikkeling van het embryo en de placenta, inclusief het vermogen
tot opname van voedingsstoffen (hoofdstuk 5). IGF2 en IGF2R spelen een cru-
ciale rol in het bepalen van de groei en de grootte van de placenta en daarmee en
dus ook die van de foetus. Een overlappende groep genen, ingeprente (imprinted)
genen van belang voor de placentaire functie (hoofdstuk 2), speelt ook een belan-
grijke rol bij de ontwikkeling van de foetus en de placenta. Hierbij leidt expressie
van het paternale genoom in het algemeen tot vergroting van toevoer van voed-
ingsstoffen naar de foetus, terwijl expressie van het maternale genoom de toevoer
juist beperkt om het welzijn van de moeder te bestendigen. Er dient een juiste
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balans te zijn tussen paternale en maternale invloeden in deze. Naast verschillen
in expressie niveau, afhankelijk van de ouder-van-oorsprong, zijn de ingeprente
genen meestal een van de eerste die verstoorde expressie vertonen (epigenetis-
che verstoring) als reactie op veranderingen in de maternale (of lokale) omgeving.
Tijdens de pre-implantatieperiode moet het endometrium zich voorbereiden op
implantatie en, gezien het feit dat IGF2, INSR en IGFBP1 geactiveerd zijn in het
endometrium van paarden gedurende deze periode, is het waarschijnlijk dat het
IGF-systeem betrokken is bij het stimuleren van de baarmoedercelproliferatie en
celdifferentiatie noodzakelijk voor de implantatie. In de paardenconceptus kan het
IGF-systeem, en in het bijzonder IGF1 en IGF2, een rol spelen bij het reguleren
van de opname van voedingsstoffen, aangezien hun primaire receptor, IGF1R, ook
tot expressie wordt gebracht in de conceptusmembranen, terwijl beide liganden
overvloedig in het baarmoederlumen aanwezig zijn. Tijdens deze studie vonden
we dat de meerderheid van ingeprente genen van belang voor de placenta functie
’aangeschakeld’ waren in conceptus-membranen van paarden in de periode van 14
tot 28 dagen, waarbij het initiële expressiepatroon voor maternale en paternale
ingeprente genen overeenkomstig was.

Om een beter inzicht te krijgen in de betekenis van het milieu in de baarmoeder
op de conceptusontwikkeling van paarden, en om een onderscheid te maken tussen
de effecten van progesteron en/of het embryo op genexpressie in het endometrium,
hebben we een asynchroon embryotransplantatie model gebruikt (hoofdstuk 2 en
5). De effecten van progesteron op het endometrium zijn tijdsafhankelijk: als de
baarmoeder voor een kortere periode dan normaal onder invloed heeft gestaan aan
progesteron, zal het endometrium een heel ander genexpressieprofiel vertonen, re-
sulterend in een bepaalde histotroph-samenstelling, die mogelijk suboptimaal of
niet geschikt is voor de ontwikkeling van een relatief ouder embryo. Dit verklaart
waarom bij de meeste species slechts een lichte mate van uterine-embryo asyn-
chronie wordt getolereerd, met betrekking tot embryonale overleving. De paar-
denconceptus kan daarentegen een relatief grote mate van asynchronie verdragen;
het transplanteren van een conceptus van dag 8 in een baarmoederomgeving 5 da-
gen achter lopend op de embryonale leeftijd (d.w.z. een dag 3 baarmoeder) leidt
tot een vertraging van ongeveer 3 dagen in conceptusontwikkeling op het gen-,
cel- en weefselniveau. Analyse van RNA-sequencing onthulde dat conceptussen
die zich ontwikkelden in een asynchrone in vergelijking met een synchrone uterus
een heel ander genexpressieprofiel hadden, wat niet verwonderlijk is gezien de
snelle groei en ontwikkeling van het embryo en zijn membranen tijdens de vroege
dracht. In dit opzicht was het niet verrassend dat er veel meer genen waren die
onderscheidenlijk tot expressie kwamen tussen synchrone en asynchrone concep-
tusmembranen dan bij genen in het endometrium. Desalniettemin was het nog
steeds opmerkelijk dat minder dan 20 genen onderscheidenlijk tot expressie wer-
den gebracht tussen dag 14 endometrium in de aanwezigheid van een synchrone
versus een asynchrone conceptus, wat een verrassend bescheiden effect van een
verder ontwikkeld embryo op uteriene genexpressie aangeeft. Dit betekent niet
dat het embryo geen invloed heeft op het endometrium, maar veeleer dat veel van
de gëınduceerde veranderingen, zoals die gerelateerd aan het in stand houden van
het corpus luteum, waarschijnlijk worden veroorzaakt door een relatief jonge con-
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ceptus en niet veel verder veranderen bij een iets oudere conceptus (d.w.z. aan of
uit kan belangrijker zijn dan absoluut expressieniveau). Andere veranderingen in
het endometrium worden waarschijnlijk in eerste instantie veroorzaakt door ver-
lengde duur van endometrium blootstelling aan progesteron en vervolgens subtiel
worden bij geregeld door de aanwezigheid van de conceptus en factoren die door
de laatste worden uitgescheiden.

Een van de 14 genen waarvan we vonden dat ze onderscheidenlijk werden gereg-
uleerd in het endometrium in contact met een wat verder ontwikkelde conceptus,
was kininogen 1 (KNG1), dat verantwoordelijk is voor de productie en afgifte van
het eiwit bradykinine, een onderdeel van het kinin-kallikreinsysteem. Componen-
ten van het kinin-kallikreinsysteem zijn eerder aangetoond in het endometrium,
conceptus en baarmoedervloeistof van het paard. In onze studie werd KNG1
verhoogd in het endometrium in aanwezigheid van een synchrone conceptus. Om-
dat de conceptus van het paard grote hoeveelheden prostaglandines uitscheidt,
die betrokken zijn bij de migratie van de conceptus en die ook bijdragen aan
een verbeterde doorbloeding, en omdat het kinine-kallikreinsysteem betrokken is
bij prostaglandinesynthese, angiogenese en ontstekingsreacties, veronderstelden we
dat bradykinine mogelijk een rol heeft bij de regulering van prostaglandineproduc-
tie. We vonden ook daadwerkelijk dat bradykinine de afgifte van PGE2, PGF2α

en 6-keto PGF1α door gekweekte trophectoderm-cellen kon stimuleren. Om het
kinin-kallikreinsysteem optimaal te laten functioneren lijkt een nauwe appositie
en synchrone ontwikkeling van de conceptus en de maternale omgeving vereist.

Concluderend, de conceptus van het paard is sensitief voor de (baarmoeder)
omgeving waaraan het wordt blootgesteld en, in het geval van baarmoeder-
asynchronie, is in staat om zijn ontwikkeling dienovereenkomstig aan te passen om
een daaropvolgende min of meer synchrone ontwikkeling te waarborgen. Als gevolg
van dit aanpassingsvermogen vonden we dat het endometriale transcriptoom op
slechts geringe wijze verschilt tussen embryo’s met een verschillend ontwikkel-
ingsstadium (dat wil zeggen zeer weinig ‘differentially expressed genes’). Daarente-
gen wordt de conceptus aanzienlijk bëınvloed (vertraagd) door een baarmoeder in
een minder ver gevorderd stadium; dit is voornamelijk het gevolg van een kortere
periode van blootstelling aan progesteron van het baarmoederslijmvlies, maar ook
doordat de conceptus zich vermoedelijk nog aanpast aan deze ontwikkelingsachter-
stand. Het verschillende genexpressieprofiel van een uterus blootgesteld aan een
kortere periode van progesteron-priming zal resulteren in een andere histotroph
samenstelling, die vermoedelijk het primaire signaal / factor is die resulteert in
vertraging van de ontwikkeling van de conceptus. Belangwekkend is dat de con-
ceptus van het paard een opmerkelijk vermogen lijkt te hebben om niet alleen de
veranderingen in de milieu van de baarmoeder waar te kunnen nemen, maar ook
de ontwikkeling te vertragen en te wachten op de inhaalactie van het endometrium,
waardoor de conceptus kan overleven. In dit opzicht is het mogelijk dat specifieke
routes (bijvoorbeeld het kinin-kallikreinsysteem) de conceptus helpen of mogelijk
maken om de fase van het endometrium te detecteren en de eigen ontwikkel-
ing overeenkomstig te reguleren. Ten slotte komen nutriëntentransporters en het
IGF-systeem - die nodig zijn voor de opname van nutriënten door respectievelijk
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ontwikkeling van de placenta - vanaf het begin van de dracht tot expressie. Deze
expressie past zich na verloop van tijd aan, vermoedelijk om de behoeften van de
paardenconceptus optimaal te ondersteunen tijdens de ongebruikelijk lange pre-
implantatieperiode.
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my 5 years in the Netherlands very cool, and there are many more fun years to
come. And special thank

Ensuite, un petit coucou et un grand merci à mes amis restés en France. Bap-
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