
69© Springer International Publishing AG 2017 
A. Fazeli, W.V. Holt (eds.), Periconception in Physiology and Medicine, 
Advances in Experimental Medicine and Biology 1014, 
DOI 10.1007/978-3-319-62414-3_4

The Consequences of Maternal-Embryonic 
Cross Talk During the Periconception Period 
on Subsequent Embryonic Development

Dimitrios Rizos, Veronica Maillo, Maria-Jesús Sánchez-Calabuig, 
and Patrick Lonergan

Abstract  The periconception period comprises the final maturation of sperm and 
the processes of fertilization and early embryonic development, which take place in 
the oviduct. The final goal of these important events is to lead to establishment of 
pregnancy leading to the birth of healthy offspring. Studies in rodents and domestic 
animals have demonstrated that environmental conditions experienced during early 
development affect critical aspects of future growth, metabolism, gene expression, 
and physiology. Similarly, in  vitro culture of embryos can be associated with 
changes in fetal growth, gene expression and regulation, and postnatal behavior.

In the oviduct, the cross talk between the mother and gametes/embryo begins 
after ovulation, between the oocyte and the female reproductive tract, and continues 
with the sperm and the early embryo after successful fertilization. These signals are 
mainly the result of direct interaction of gametes and embryos with oviductal 
and endometrial cells, influencing the microenvironment at the specific location. 
Identifying and understanding the mechanisms involved in this cross talk during the 
critical period of early reproductive events leading to pregnancy establishment 
could potentially lead to improvements in current in vitro embryo production sys-
tems in domestic mammals and humans. In this review, we discuss current knowl-
edge of the short- and long-term consequences of in vitro embryo production on 
embryo development.
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1  �Periconception Environment In Vivo

In vivo, mammalian oocytes and embryos develop in a complex and dynamic environ-
ment. First, in the ovarian follicle, the oocyte grows and matures, achieving full devel-
opmental competence (Fair et al. 1995). Prior to ovulation, the luteinizing hormone 
(LH) surge leads to the resumption of meiosis and final oocyte maturation. Oocyte 
maturation involves (i) nuclear maturation, i.e., progression from prophase I to meta-
phase II with extrusion of the first polar body, (ii) cytoplasmic maturation which 
involves organelle redistribution, and (iii) molecular maturation that involves the accu-
mulation of specific mRNAs (Sirard 2001). It has been hypothesized that the quality of 
an oocyte is based on the presence of the appropriate set of mRNA and proteins stored 
during folliculogenesis (Wrenzycki et al. 2007). A defined oocyte-specific gene expres-
sion pattern arising during folliculogenesis is crucial for the acquisition of oocyte 
developmental competence; conversely, deficiencies in gene expression or dynamics 
that occur during follicle development may be linked to impaired oocyte competence 
(Eichenlaub-Ritter and Peschke 2002; Sirard et al. 2006).

After ovulation, in the oviduct, the oocyte undergoes fertilization and the first 
mitotic or cleavage divisions. Finally in the uterus, the blastocyst forms, hatches 
from the zona pellucida, and, depending on the species, either implants immediately 
[day 4.5  in rodents (Wang and Dey 2006) and days 6–10  in humans (Cha et  al. 
2012)], forms a large free-floating spherical structure which initiates implantation 
around day 40 (horses), or elongates and progressively attaches to the uterine wall 
(initiation between days 18–22 in cows, 15–18 in ewes, and 14–18 in pigs) (Senger 
2003) (Fig. 1). These events must be properly orchestrated for successful pregnancy 
establishment and the delivery of a healthy offspring.

Fig. 1  Schematic representation of the process of early embryo development in vivo in cattle. 
After ovulation, the matured oocyte is fertilized (D0) at the ampullary-isthmic junction, while the 
first cleavage division takes place around 24–30 h later in the isthmus (D1) followed by subsequent 
mitotic divisions up to the 16-cell stage (D4). At this stage, the embryo passes into the uterus 
through the uterotubal junction and forms a morula (D5–6) and then a blastocyst (D7). After hatch-
ing from the zona pellucida (D8), the morphology of the embryo changes to ovoid (D12–13), then 
tubular and filamentous (D16–17) before implantation begins on D19
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Following copulation, semen is deposited in the female reproductive tract 
which, depending on the species, will be in the cranial vagina (cow, sheep, pri-
mates, and cat) or into the uterine lumen (pig, horse, and dog) (Senger 2003). 
Typically, billions of sperm are deposited; however, during transit through the 
female reproductive tract, this number is dramatically reduced as sperm are selected 
by different barriers [cervix and uterotubal junction (UTJ)]. Once in the oviduct, 
the sperm are held in a storage reservoir in the isthmus which preserves sperm 
fertility, reduces the incidence of polyspermy by releasing sperm gradually (Suarez 
2008), and constitutes the immediate source of viable sperm at the time of ovula-
tion (Hunter and Wilmut 1984). It has been suggested that the sperm storage site 
recognizes and selects a fertile sperm population in mammalian species (Teijeiro 
and Marini 2012). After ovulation, the fimbria of the infundibulum that surrounds 
the ovary allows the passage of the ovulated oocyte into the oviduct. At this point, 
both muscle layers and ciliated cells mechanically guide the oocyte into the lumen 
of the ampulla to the site of fertilization (Hunter 1988). In addition, the oocyte 
loses the cumulus cells, and the zona pellucida (ZP) becomes exposed directly to 
the oviductal fluid (OF) which prepares it for fertilization and minimizes poly-
spermy (Coy et al. 2008, 2012).

Once fertilization occurs, the embryo spends the first 3–4 days in the oviduct, 
depending on the species. In cattle, the embryo remains in the oviduct until approxi-
mately day 4 of pregnancy, by which time it is at about the 16-cell stage. Then, the 
embryo enters the uterus and by day 7 forms a blastocyst consisting of an inner cell 
mass, which gives rise to the fetus, and the trophectoderm (TE), which forms the 
placenta. On days 9–10, the blastocyst hatches from the ZP and soon begins the 
process of elongation, which involves transitions from a spherical blastocyst on day 
7 of gestation, through ovoid (days 12–13), tubular (days 14–15), and finally fila-
mentous forms around days 16–17 (Fig. 1) (Degrelle et al. 2005). During elonga-
tion, the conceptus increases in size, more than 1000-fold, mainly through expansion 
of the trophectoderm (Betteridge et al. 1980) associated with an increase in protein 
content (Morris et al. 2000). After day 19, the elongated conceptus begins implanta-
tion with firm apposition and attachment of the trophectoderm to the endometrial 
luminal epithelium.

Proper communication between the conceptus-endometrium-corpus luteum 
(CL) is vital for pregnancy establishment. Progesterone (P4) synthesized by the CL 
acts indirectly via the endometrium to stimulate embryonic growth (Forde et  al. 
2009; Spencer et  al. 2016). Conceptus elongation initiates interferon-τ (IFNT) 
production by TE cells (Roberts et al. 1999; Spencer and Bazer 2004; Robinson 
et al. 2008), which in cattle is the key signal for maternal recognition of pregnancy 
(Spencer and Bazer 2004). During maternal recognition of pregnancy, the mono-
nuclear cells of the conceptus trophectoderm synthesize and secrete IFNT between 
days 10 and 21–25 with maximal production on days 14–16 (Bazer 1992; Roberts 
et al. 1999).
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2  �Periconception Environment In Vitro

In 1978, the first baby conceived by in vitro fertilization (IVF), Louise Brown, was 
born. Three years later, in 1981, the first calf obtained from IVF was born (Brackett 
et al. 1982). Although nearly 40 years have passed since then and many improve-
ments have been made in in vitro embryo production (Paramio and Izquierdo 2016), 
even today in vitro systems are not as efficient as in vivo embryo production.

The goal of in vitro embryo production is to simulate as closely as possible the 
conditions that occur in vivo, to obtain high-quality embryos capable of continued 
development and implantation, and to result in viable births. Nowadays, in cattle, 
approximately 90% of oocytes cultured in vitro undergo nuclear and cytoplasmic 
maturation from which 80% are fertilized and cleave at least once (Lonergan et al. 
2003a). Nevertheless, only between 30% and 40% reach the blastocyst stage (Rizos 
et al. 2008). In vitro, embryos are typically cultured until day 7 or 8 after fertiliza-
tion, which corresponds to the blastocyst stage, when they are usually transferred 
into recipients. In heifers, the pregnancy rate following transfer of in vitro produced 
blastocysts is approximately 40–50% compared to about 70% when it comes to 
in vivo derived embryos (Hasler et al. 1995; Hoshi 2003). Thus, the challenge today 
is to improve current in vitro procedures providing high-quality embryos capable of 
continuing development and implantation after transfer to recipient and resulting in 
viable births.

2.1  �In Vitro Maturation and Effects on Oocyte Developmental 
Competence

Cumulus-oocyte complexes (COCs) for research use are usually aspirated from 
ovaries recovered in the slaughterhouse, while those for commercial embryo trans-
fer are recovered by transvaginal follicle puncture from live animals. In both cases, 
COCs are selected for in vitro maturation (IVM) based on morphological criteria as 
the compactness and thickness of cumulus and ooplasm homogeneity (Blondin and 
Sirard 1995). The cumulus cells play a critical role in the development of the oocyte 
by providing metabolites and nutrients, like pyruvate, oxaloacetic acid, and amino 
acids, thus stimulating them to resume meiosis and progress to metaphase 
II. Furthermore, cumulus cell expansion is an important marker for oocyte matura-
tion, which is induced by gonadotrophin stimulation in vivo and in vitro leading to 
massive production of mucoid extracellular matrix protein (Chen et  al. 1990). 
Recent evidence has shown that hyaluronic acid (HA), an important component of 
the extracellular matrix, plays an important role not only in cumulus expansion but 
also in oocyte maturation and further embryo development (Marei et  al. 2012). 
Furthermore, transcriptome studies have identified a large number of genes in both 
oocytes and their associated cumulus cells that are involved in oocyte maturation 
(Regassa et al. 2011). Thus, the gene expression patterns in the cumulus cells have 
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been used as an indicator of oocyte quality (Tesfaye et al. 2009; Bunel et al. 2015). 
Also, the detection of glucose-6-phosphate dehydrogenase activity by brilliant 
cresyl blue (BCB) staining can be used as a predictor of oocyte quality, where BCB-
positive oocytes are more competent to form blastocyst than BCB-negative oocytes 
(34.1% vs. 3.9%, respectively, P < 0.05) (Alm et al. 2005).

Oocyte developmental competence, often defined as the ability of the oocyte to 
mature, be fertilized, and develop to the blastocyst stage, has been associated with 
(i) the size of the antral follicle from which it is recovered, (ii) the stage of the fol-
licular wave, and (iii) the site of maturation – in vivo or in vitro [for review, see 
Lonergan and Fair 2016]. Oocytes matured in vivo are of better quality than those 
matured in vitro, and this is reflected in the number of embryos obtained subse-
quently. Indeed, it has been shown that irrespective of whether in vitro culture (IVC) 
occurred in  vivo or in  vitro, when oocytes were matured in  vivo, the resultant 
blastocyst rate was almost 80%, while when oocytes were matured in vitro, it was 
limited to about 35% (Rizos et al. 2002). In relation to in vitro maturation, oocytes 
originating from follicles bigger than 6 mm resulted in significantly more blasto-
cysts than those from 2 to 6 mm follicles and those recovered prior to the LH surge 
(Rizos et al. 2002).

The environment to which the oocyte is exposed during maturation can influence 
the abundance of transcripts in the matured oocyte (Watson 2000; Lonergan et al. 
2003a) and in the resulting blastocyst (Knijn et al. 2002; Russell et al. 2006). Recent 
evidence has shown that suboptimal conditions during oocyte IVM have an effect at 
the epigenetic level and on genomic imprinting (Anckaert and Fair 2015) in bovine 
(Heinzmann et al. 2011) and ovine (Colosimo et al. 2009) oocytes. In vitro models 
that mimic the in vivo situation of high-yielding dairy cows after calving, i.e., in 
which nonesterified fatty acid (NEFA) concentrations are elevated, indicate that not 
only the oocyte developmental capacity is affected but also that the phenotype of the 
resulting embryos is altered (Van Hoeck et al. 2011, 2013). Maturing oocytes for 
24 h under high saturated NEFA conditions significantly altered metabolic foot-
prints of day 7 embryos at the level of both gene transcription and gene function 
(Van Hoeck et al. 2011). Nevertheless, additional studies are required to investigate 
whether the expression and DNA methylation of imprinted genes in blastocysts, 
fetuses, and placental tissue derived from IVM oocytes are unaltered [for review see 
(Lonergan and Fair 2016)].

Supplementation of putative growth-promoting substances to the maturation 
media (e.g., gonadotrophins, steroids, and growth factors) typically results in a 
modest improvement in the proportion of oocytes reaching the blastocyst stage 
(Thompson 2000). Normally, oocytes submitted to in vitro maturation are recovered 
from small- to medium-sized follicles (2–8  mm) which are capable of nuclear 
maturation but did not have sufficient time to undergo normal cytoplasmic matura-
tion. A range of cellular and chemical methods have been successfully employed to 
artificially inhibit the meiotic resumption of oocytes following removal from the 
follicle, thereby allowing cytoplasmic maturation in vitro in the absence of nuclear 
maturation [for review, see Sirard 2001]. However, none of these in vitro approaches 
substantially improved oocyte developmental competence.
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2.2  �In Vitro Fertilization and Effects on Oocyte Developmental 
Competence

The fate of an embryo is determined at fertilization. Delays in fertilization or fertil-
ization by a damaged spermatozoon could conceivably lead to oocyte aging or the 
formation of a defective embryo, respectively (Tarin et al. 2000). Any damage to the 
sperm after ejaculation can lead not only to a reduced fertilization rate but also to 
the formation of embryos with reduced ability to develop to the blastocyst stage. 
This phenomenon has been demonstrated for embryos formed from sperm exposed 
to gossypol (Brocas et al. 1997), oxidative stress (Silva et al. 2007), and sorting for 
gender by flow cytometry (Wheeler et al. 2006; Wilson et al. 2006; Bermejo-Alvarez 
et al. 2008; Bermejo-Alvarez et al. 2010). In addition, the nature of the sire itself can 
affect cleavage and the ability of the resulting embryos to develop to the blastocyst 
stage and to establish pregnancy after transfer [for review see (Hansen et al. 2010)]. 
Studies in trout have shown that the oocyte is able to partially repair sperm with 
damaged DNA during the first cleavage; however, when DNA repair is inhibited, 
damaged sperm is able to fertilize the oocyte but leads to embryo loss (Perez-
Cerezales et al. 2010; Perez-Cerezales et al. 2011).

Cryopreserved semen is the main source of sperm for in vitro fertilization, although 
the proportion of fully functional sperm in a frozen-thawed sample is quite low (Holt 
1997). Therefore, before in vitro fertilization, it is necessary to separate a motile frac-
tion of sperm using one of a variety of methods such as centrifugation on a density 
gradient. During this process, seminal plasma is washed away and thereby much of 
the antioxidant protection is lost (Marques et al. 2010). In sperm, moderate levels of 
reactive oxygen species (ROS) are necessary for sperm maturation, capacitation, 
hyperactivation, acrosome reaction, and sperm-egg fusion (Kothari et  al. 2010). 
Nevertheless, in vitro the sperm are often exposed to supraphysiological levels of ROS 
(Du Plessis et al. 2008) which can affect cell membranes, DNA, and mitochondria 
(Agarwal et al. 2006), leading to low fertilization rates and poor embryo quality (Silva 
et al. 2007; Jang et al. 2010). Antioxidants have been used to decrease the impact of 
oxidative stress, thereby improving sperm quality and their ability to fertilize an egg 
and consequently increasing the number of embryos obtained (Roca et al. 2004; Roca 
et al. 2005; Sapanidou et al. 2015) and their quality (Jang et al. 2010; Pang et al. 
2016). However, other studies have failed to demonstrate any beneficial effects 
following the use of antioxidants during IVF and have even reported impaired fertil-
ization and blastocyst rates (Ali et al. 2003; Goncalves et al. 2010; Marques et al. 
2010). Therefore, more studies are needed to elucidate which antioxidants are best 
and when they should be added to improve the efficiency of IVF.

2.3  �In Vitro Embryo Culture: Short- and Long-Term Effects

Embryo culture is the longest step during the process of in vitro embryo production 
and the step during which the greatest reduction in development occurs, achieving 
only 30–40% of blastocyst rate. The presumptive zygotes are recovered around 18 h 
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after fertilization and usually are cultured until days 7–9 (Fig. 2). It has been clearly 
shown that the intrinsic quality of the oocyte is the main factor affecting blastocyst 
yield, while the postfertilization culture environment affects the quality of the pro-
duced blastocysts (Rizos et al. 2002).

Culture conditions in  vitro produce embryos of inferior quality compared to 
those derived from in vivo in terms of morphology, cryotolerance, transcript expres-
sion profiles, and pregnancy rate after transfer [for review, see Lonergan 2007]. To 
highlight the importance of developing in vitro systems that are as close as possible 
to the in  vivo situation, different experiments have been carried out alternating 
in vitro with in vivo embryo culture. Thus, the culture of in vitro produced bovine 
zygotes in vivo in the sheep (Rizos et al. 2002), cow (Tesfaye et al. 2007), or mouse 
(Rizos et al. 2007) oviduct increases the quality of the resulting blastocysts so that 
it resembles that of totally in vivo produced embryos. Conversely, the in vitro cul-
ture of in vivo produced bovine zygotes results in blastocysts of low quality (Rizos 
et al. 2002). In addition, we have demonstrated that in vitro produced bovine zygotes 
cultured either in vitro or in vivo in the sheep oviduct at different stages of develop-
ment up to the blastocyst stage exhibit a clear temporal sensitivity to their culture 
environment on their transcriptome and cryotolerance (Lonergan et  al. 2003b). 
Thus, blastocysts cultured for the first 2 days in vivo and the last 4 days in vitro had 
the lowest survival rates after cryopreservation; those cultured only for the last 
2 days in vitro had intermediate rates of survival, and those which spent the last 
4 days of culture in vivo had high rates of survival, compared with those cultured 
entirely in vivo. Based on these studies, it was concluded that the period around the 
time of embryonic genome activation (EGA) is critical to the quality of the embryo. 
Similarly, Gad et  al. (2012) investigated the consequences of culture conditions 

Fig. 2  Schematic representation of in vitro embryo production in cattle. In vitro maturation (IVM) 
of cumulus-oocyte complexes (COCs) is carried out for 24 h under an atmosphere of 38.5 °C, 5% 
CO2, and maximum humidity. In vitro fertilization (IVF) is accomplished by co-incubation of 
matured COCs with selected motile sperm at a final concentration of 1 × 106 for 18 h, under the 
same conditions as IVM.  In vitro culture (IVC) of the presumptive zygotes is maintained until 
D7–D9 at 38.5 °C, 5% CO2, 5% O2, and maximum humidity. The embryos can be cultured in dif-
ferent systems including coculture with BOECs in monolayers, suspension or polarized, and with 
products derived from BOECs such as microvesicles and conditioned media. Oviductal fluid 
recovered from the oviduct may also be used as well as its microvesicles

Embryo Maternal Cross-Talk in Periconception Period



76

before and during the EGA on bovine embryonic developmental rates and global 
gene expression patterns using the homologous cow oviduct. Embryo development 
was similar irrespective of where culture took place; however, the transcriptome of 
the blastocysts was clearly influenced by culture conditions, confirming once more 
the significant influence of culture conditions during EGA.

In vitro embryo culture has also been associated with epigenetic alterations in the 
embryo. In vivo, after fertilization the embryo’s genome is epigenetically repro-
grammed. This process involves the creation of the methylation patterns needed for 
normal development by activating and silencing specific genes (Reik et al. 2001). 
During this period, the embryo is especially vulnerable to in vitro induced epigen-
etic defects (El Hajj and Haaf 2013). Indeed, animal studies have revealed a link 
between different assisted reproductive technologies (ARTs) and imprinting disor-
ders, via altered DNA-methylation patterns and histone codes (Urrego et al. 2014). 
In addition, imprinting disorders are more prevalent in gametes and embryos after 
ARTs than in their counterparts derived from in  vivo production (Urrego et  al. 
2014). In vitro embryo culture has been associated with abnormal reprogramming 
of imprinted genes such as SNPRN, IGF2, or H19 in cattle (Nowak-Imialek et al. 
2008; Curchoe et al. 2009; Suzuki et al. 2009) and mice (Khosla et al. 2001). These 
alterations to the epigenetic profile may have a direct effect on the subsequent 
embryo and fetal development.

From the above, it can be concluded that the actual in vitro culture conditions 
provide a suboptimal environment for early embryonic development and have short- 
and long-term consequences. The short-term consequences include alterations in 
morphology, cryotolerance, and gene expression patterns, while the long-term con-
sequences are reflected in abnormal offspring development and behavior (Rizos 
et al. 2008).

Embryos can be cultured in defined or semi-defined media, cocultured with ovi-
duct epithelial cells or their conditioned media and with extracellular vesicles 
(Maillo et al. 2016). Nowadays, one of the most commonly used media for the cul-
ture of bovine embryos is synthetic oviductal fluid (SOF) which is frequently sup-
plemented with fetal calf serum (FCS) and/or bovine serum albumin (BSA) (Tervit 
et al. 1972; Holm et al. 1999). The presence of serum in the IVC media has a stimu-
latory effect on the speed of development, with more blastocysts on day 6 of culture 
than either in its absence or with BSA (Gutierrez-Adan et  al. 2001; Rizos et  al. 
2003). However, serum can have a negative effect on embryo quality as manifested 
by reduced cryotolerance and altered gene expression (Lazzari et al. 2002; Rizos 
et al. 2003; Wrenzycki et al. 2005) and pregnancy rate after transfer. Lazzari et al. 
(2002) evidenced that IVC of bovine embryos in the presence of serum or BSA 
significantly increased the number of cells in day 7 blastocysts and the relative 
abundance of transcripts for several genes including HSP70.1, Cu ⁄ Zn-SOD, GLUT-
3, GLUT-4, bFGF, and IGFI-R compared with embryos cultured in vivo (either in 
the sheep oviduct or produced entirely in vivo). Moreover, these deviations were 
linked to gestation length and birth weight of the derived calves. Both in vitro sys-
tems, FCS and BSA, were associated with a significantly elevated incidence of 
deviations in embryonic development and a higher proportion of calves with 
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increased birth weight (Lazzari et al. 2002). In a recent study, it was shown that 
BSA removal over a 24 h period (from D6 to D7) in an individual embryo culture 
system decreased embryo development and cell counts in the inner cell mass, 
although the embryos tended to improve their survival after vitrification and also to 
result in a lower incidence of miscarriage (Murillo-Ríos et al. 2016).

Culture of embryos with FCS has been associated with alterations in the pheno-
type of newborn offspring in cattle (Farin et al. 2006), sheep (Walker et al. 1996), 
and mice (Fernandez-Gonzalez et  al. 2004) named “large offspring syndrome 
(LOS).” LOS is characterized by aberrant placental development, extended gesta-
tion length, sudden perinatal death, breathing difficulties, more male calves, and 
large size at birth (Farin et  al. 2006). Insulin-like growth factor 2 (IGF2) is an 
imprinted gene that regulates fetal and placental development in cattle and other 
species (Constancia et al. 2002). In sheep, the altered expression of IGF2R has been 
correlated with the incidence of LOS (Young et  al. 2001) suggesting that IGF2 
could be sensitive to epigenetic disorders during in vitro conditions. In addition, 
fetuses and placental tissue derived from IVP embryos presented an aberrant expres-
sion of imprinted and non-imprinted genes (Perecin et al. 2009; Farin et al. 2010). 
These phenotypic alterations may be the result of failure to properly establish or 
maintain DNA methylation and histone modifications during in  vitro conditions 
(Farin et al. 2006). This also reflects the likelihood that epigenetic alterations during 
early embryo development are maintained in subsequent embryo and fetal 
development.

Oxidative stress is also important for the developing embryo during the embryo 
culture step. Substances such as ammonia, oxygen radicals, or growth factors can 
produce lipid peroxidation, membrane injury, and structural damage, leading to 
decreased cryotolerance and apoptosis (Somfai et al. 2007). Thus, antioxidant sup-
plementation of the culture media has been shown to protect the embryo against 
oxidative stress. It also helps to maintain intra- and extracellular redox balance, 
which is necessary to reduce the toxicity of ROS, improving embryo development, 
increasing cryotolerance and cell differentiation, and inhibiting apoptosis during 
culture (Guerin and Menezo 2011; Takahashi 2012). Vitamins such as tocopherol, 
ascorbic acid, folic acid, or cyanocobalamin play a key role in reducing oxidative 
damage and improving blastocyst development rate in mouse embryos (Wang et al. 
2002). Recently, it has been demonstrated that the supplementation of culture media 
with other antioxidants, such as cocretin which has a high antioxidant capacity, 
leads to an improvement of cryotolerance of bovine embryos (Zullo et al. 2016). 
Another antioxidant, retinol, seems to have a positive effect on early embryo 
development and quality (Livingston et al. 2004). Similar results were reported by 
Lawrence et al. (2004) suggesting that retinol protects early bovine embryos against 
damaging effect of heat stress during in vitro culture.

Despite the many efforts to improve in vitro culture media, conditions within the 
oviduct have not been fully recapitulated in vitro. As knowledge concerning embryo 
requirements during early embryonic development increases, in vitro culture sys-
tems have evolved to mimic more precisely what occurs in the oviduct during this 
period. Therefore, at this moment, it is known that the embryo requires an evolving 
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array of energy substrates (Gardner et  al. 1996; Quesenberry et  al. 2015); 
consumption of pyruvate and glucose is low until the 16-cell stage and increases 
significantly with morula compaction and blastocyst formation (de Souza et al. 2015).

As previously mentioned, in an attempt to mimic in vivo conditions and improve 
the quality of the embryos produced, different systems of embryo culture have been 
developed. They offer unique advantages such as the gradual change of culture 
media to suit the specific requirements of the developing embryo, thus overcoming 
limitations of conventional culture systems. Coculture in vitro with bovine oviduc-
tal epithelial cells (BOECs) has been considered to help with the production of good 
quality embryos (Ulbrich et al. 2010). These cells can be grown as monolayers, cell 
suspensions, or as polarized cultures (Fig.  2). A study by Cordova et  al. (2013) 
showed that the use of BOEC in in vitro embryo culture at the early stages of embryo 
development, up to day 4, improves embryo development and embryo quality in 
terms of expression of specific gene transcripts. This period of culture coincides 
with the in vivo period when the embryo is still in the oviduct. However, the draw-
back of monolayers is that they dedifferentiate, losing important morphological 
characteristics (Rottmayer et al. 2006) including reduction of cell height, loss of 
cilia, and loss of secretory granules and bulbous protrusions (Thibodeaux et  al. 
1992; Walter 1995). Recently, we demonstrated that an established BOEC mono-
layer can be used successfully for coculture with no differences in embryo develop-
ment when compared either with coculture with fresh recovered cells or normal 
culture in SOF (Lopera-Vásquez et al. 2016). Furthermore, the quality of the pro-
duced blastocysts in terms of cryotolerance and number of TE and ICM cells was 
higher than those produced using media supplemented with FCS. This method gives 
an advantage over the classical coculture systems as it provides homogeneous 
results. An alternative to monolayers is the short-term (24 h) epithelial cell suspen-
sion culture, which maintains morphological characteristics as well as the gene 
markers present in the cell in  vivo such as OVGP1, estrogen, and P4 receptors 
(Rottmayer et al. 2006). Preliminary results from our group showed that BOECs in 
suspension cultures are closer to in vivo controls than monolayers in terms of mor-
phology and oviductal epithelial cell markers OVGP1, GPX4, and FOXJ1 (Hamdi 
et  al. 2015). Finally, polarized cell cultures maintain the polarized asymmetrical 
structure of the oviductal epithelial cells, and it seems that this system preserves 
detailed morphological features of the porcine oviduct as well as oviduct-specific 
markers (Miessen et al. 2011).

Oviductal fluid (OF) has been used as a supplement during in  vitro embryo 
production. Its composition is very complex, containing simple and complex carbo-
hydrates, ions, lipids, phospholipids, and proteins (Avilés et  al. 2010). Porcine 
oocytes treated with OF before fertilization showed significantly increased cleavage 
rates and blastocyst yield, suggesting that OF protects the embryo against adverse 
effects on mitochondrial DNA transcription or replication and apoptosis (Lloyd 
et al. 2009). In contrast, Cebrian-Serrano et al. (2013) evidenced that the exposure 
of cattle oocytes to OF before fertilization had no effect on embryo development 
and morphology of the resulting blastocysts; however, blastocysts produced from 
oocytes treated with OF showed differences in specific transcripts (Cebrian-Serrano 
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et al. 2013). Recently, we showed that low concentrations of OF (<5%) in bovine 
embryo culture media as a substitute for serum had a positive effect on development 
and quality in terms of cryotolerance, cell number, and expression of qualitatively 
related genes (Lopera-Vasquez et al. 2015).

Extracellular vesicles (EVs) is a general term encompassing several different 
vesicle types, released by somatic cells, that are present in body fluids and contain 
bioactive molecules (i.e., proteins, RNAs, mRNAs, and miRNAs) (Simons and 
Raposo 2009; Silveira et al. 2012) and lipids (Raposo and Stoorvogel 2013). The EV 
denomination is commonly size and origin associated, being exosomes (30–200 nm) 
from endosomal origin and microvesicles (MV) (100–1000 nm) from the plasma 
membrane. EVs are important in intercellular communication and play a key role in 
the regulation of physiological and pathological processes. It has been demonstrated 
that EV can horizontally transfer mRNAs to other cells, whereupon the mRNA can 
then be translated into functional proteins in the new location (Hergenreider et al. 
2012). EVs have been identified in vivo in all body fluids including amniotic fluid, 
urine, and blood (Simpson et al. 2008). Currently, in reproduction, knowledge of the 
role of these secreted vesicles is limited to those from follicular fluid (Silveira et al. 
2012), the endometrial environment (Ng et al. 2013), seminal plasma (Piehl et al. 
2013), and uterine fluid (Burns et  al. 2014). Recently, Burns et  al. (2016) 
demonstrated that EVs emanate from both the conceptus trophectoderm and uterine 
epithelia and are involved in intercellular communication between those tissues dur-
ing the establishment of pregnancy in sheep. Therefore, EV can be used as a supple-
ment during in vitro embryo culture. Thus, Saadeldin et al. (2014) showed that the 
addition of exosomes isolated from the conditioned medium of parthenogenetic 
embryos increased the developmental competence of cloned embryos. In vitro 
derived embryos are also known to secrete EVs into culture media, where they may 
play a role in promoting development (Saadeldin et al. 2015). Recently, we pro-
vided evidence that EVs derived from BOEC conditioned media improve blastocyst 
quality and induce cryoprotection in in vitro cultures to the same extent as classical 
coculture with fresh BOEC monolayers (Lopera-Vásquez et  al. 2016). Thus, the 
presence of EV in OF and their effect on early embryonic development may be of 
great importance and may provide information and new insights on early embryo-
maternal communication and improve embryo quality in our current IVP systems.

3  �Conclusion

During the last few decades, many advances have been achieved in our understand-
ing of early reproductive events based on in vivo and in vitro studies, and assisted 
reproductive technologies are commonly used in humans and many animal species 
with success. Nevertheless, the quality of in vitro embryos is still inferior compared 
to their in  vivo counterparts, and in  vitro conditions have short- and long-term 
effects on the resulting embryo, fetus, and offspring. Therefore, a better understand-
ing of how the embryo develops physiologically in the reproductive tract (oviduct 
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and uterus) will provide the knowledge to develop new strategies to decipher the 
mechanisms involved in oocyte developmental competence that help and improve 
the current systems of in vitro embryo production. Together, such improvements 
will lead to the production of better quality embryos. Moreover, proper in  vitro 
models that mimic the physiological situation as closely as possible will be 
developed.
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