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1. Summary 
 

The positive effects of the oviduct on the embryo have been widely studied over the 

years. However, there is not as much literature about the effect of the embryo on the 

oviduct. The aim of this project was to evaluate the transcriptome response of a BOEC 

monolayer to the presence of early stage embryos. In a first experiment, embryos on 

Day 2 and Day 3 were co-cultured for 24 hours, and the expression of 4 genes (ROCK2, 

GPX4, SOCS3, PRELP) was analysed. No differences were found between the BOEC 

monolayer with or without embryos. In order to assess the possible local effect of the 

embryo on the cells, a second experiment was performed using a mesh to keep the 

embryos in the same place and in contact with the cells during 24 hours. Then, three 

different groups of samples were collected: cells in direct contact with the embryos 

(G1), cells in the same well that the embryos but not in direct contact (G2) and cells 

from another well without embryos (G3). The expression of 9 genes of interest 

(ROCK2, GPX4, SOCS3, ROCK1, SMAD6, NFE2L2, GPX4, EPSTI1, IGFBP3, SCN9A) was 

analysed. One gene (EPSTI1) was found up-regulated in both groups of cells with no 

direct contact with the embryos. Increased expression of EPSTI1 has been implicated in 

endometrial remodeling prior to embryo implantation in cattle. In conclusion, the 

embryo is probably exerting a local effect on the BOEC monolayer, however, based on 

the relatively small number of genes analyzed further studies are needed to 

standardize an adequate in vitro system to study embryo-maternal communication in 

the oviduct.   
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2. Resumen 
 

Los efectos positivos del oviducto sobre el embrión han sido ampliamente estudiados a 

lo largo de los años. Sin embargo, no existe mucha bibliografía sobre el efecto que 

ejerce el embrión sobre el oviducto. El objetivo de este proyecto era evaluar la 

respuesta del transcriptoma de una monocapa de células epiteliales del oviducto 

bovino (CEOB) a la presencia de embriones tempranos. En un primer experimento, se 

co-cultivaron embriones de Día 2 y Día 3 durante 24 horas y se analizó la expresión de 

4 genes (ROCK2, GPX4, SOCS3, PRELP). No se encontraron diferencias en su expresión 

entre la monocapa de CEOB con o sin embriones. Con tal de evaluar un posible efecto 

local de los embriones sobre las células, se realizó un segundo experimento en el que 

se usó una malla para mantener los embriones en el mismo lugar y en contacto con las 

células durante 24 horas. Se recogieron tres tipos de muestras: células en contacto 

directo con los embriones (G1), células en el mismo pocillo que los embriones pero no 

en contacto directo (G2) y células de otro pocillo sin embriones (G3). Se analizó la 

expresión de 9 genes de interés (ROCK2, GPX4, SOCS3, ROCK1, SMAD6, NFE2L2, GPX4, 

EPSTI1, IGFBP3, SCN9A). Uno de los genes (EPSTI1) estaba sobre-expresado en los dos 

grupos de células que no tenían contacto directo con los embriones. En bovino, un 

aumento de la expresión de EPSTI1 se ha relacionado con la remodelación del 

endometrio antes de la implantación del embrión. En conclusión, probablemente el 

embrión ejerce un efecto local sobre la monocapa de CEOB. No obstante, 

considerando el número relativamente bajo de genes analizados, más estudios son 

necesarios para estandarizar un sistema in vitro adecuado para el estudio de la 

comunicación embrio-maternal en el oviducto.  
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3. Introduction 

3.1  Anatomy-histology and physiology of the Oviduct 

The oviduct (uterine tube or Fallopian tube) is a large conduct that connects the ovary with the 

uterus. Thanks to the different anatomical regions and the dynamic environment of the 

oviduct that changes during the oestrus cycle, the oviduct is able to perform different 

functions (Yaniz et al. , 2000). The most important ones are: the final maturation of the 

gametes, the fertilization and the early embryo development (Avilés et al.  2015).  

The oviduct is divided into 5 anatomic parts: the infundibulum, the ampulla, the ampullary-

isthmic junction (AIJ), the isthmus and the utero-tubal junction (Figure 1). It has 3 different 

layers (mucous, muscular and serous) that varies in size and structure among the different 

regions. The serous layer is highly vascularized and innervated. The muscular layer is 

constituted by two layers: the inner circular and the longitudinal. The mucous layer also has 

two parts: the lamina propria and the epithelium. This layer forms folds whose number and 

size varies among the different segments of the oviduct, being more complex and numerous in 

the infundibulum and ampulla, and simpler and fewer in the isthmus (Yaniz et al. 2000). The 

epithelial layer is composed by different cell types. The most important ones are the secretory 

and the ciliated cells. The amount, proportion and size of these cell types vary along the 

oviduct and also during the oestrous cycle (Galina and Valencia, 2009).   

 

 

 

 

 

 

 

Figure 1: Anatomic parts of the oviduct. AIJ: Ampullary-isthmic junction. 

 

In the cow, the ciliated cells are more abundant than secretory cells in the infundibulum and 

ampulla, but getting closer to the AIJ this proportion is reversed, being the isthmus rich in 

secretory cells (Leese 1988). The proportion and height of the ciliated cells falls dramatically 

during the luteal phase in the first segments, but it does not change in the isthmus and utero-

tubal junction (Abe 1996).  

The secretory cells secrete several macromolecules including oviduct-specific glycoprotein 

(OVGP1) and growth factors, usually by exocytosis, associated with the first days of the 

Infundibulum Ampulla AIJ Isthmus Utero-tubal 

junction 
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oestrous cycle, which contribute to the development of the early embryo (for a review see 

Maillo et al.  2016). Apart from the own oviduct secretions, the oviductal fluid (OF) also has 

components from the plasma (Menezo and Guerin, 2016).  

The final composition of the OF is very complex. Its components can be classified in different 

groups as: (i) growth factors, cytokines and receptors, (ii) hormones and receptors, (iii) 

proteases and inhibitors, (iv) antioxidant protective agents, (v) defence agents, (vi) 

glycosidases and glycosyl transferases, (vii) other enzymes, (viii) chaperones and heat shock 

proteins, (ix) other proteins, (x) glycosaminoglycans and proteoglycans and (xi) other 

components (Avilés et al. 2010). This composition varies among the different phases of the 

oestrous cycle (Bauersachs et al. 2004) and with the presence of gametes and early embryo 

(Kodithuwakku et al. 2007; Georgiou et al. 2007).   

 

3.2 The role of the oviduct 

3.2.1 Final maturation and transportation of the gametes 

First of all, the oocyte must suffer a maturation process in the ovarian follicle to be able to be 

fertilized later. After the LH surge, the ovulation takes place and the oocyte is released along 

with the cells that surround it (cumulus oophorous). The oocyte is ovulated in metaphase II in 

most mammals, and meiosis does not finish until it is fertilized.  The cumulus-oocyte complex 

(COC) is collected by the infundibulum, and it is transported close to the AIJ where the 

fertilization occurs. The transport of the oocyte or zygote down the oviduct towards the uterus 

is due to a combination of cilia action and muscular contractions which are hormone 

regulated: a high concentration of estrogens (follicular phase) accelerate its transport 

(Orihuela et al.  2003), and a high concentration of progesterone (luteal phase) slow it down 

(Wessel et al.  2004). 

In cows, the fertile life of the oocyte in the oviduct is 20-24 hours, but after 9-14 hours it loses 

the cumulus cells which can affect fertilization (Galina & Valencia 2009). Due to the 

disintegration and expansion of the cumulus cells, the oocyte is more exposed to the oviductal 

fluid (OF) which triggers a series of changes, like favour hardening of the zona pellucida (ZP), 

the extracellular glycoprotein coat surrounding the egg. The main molecules responsible for 

this changes are OVGP1 and the heparin-like glycosaminolgycans (Coy et al. 2008). The culture 

of matured pig and cows oocytes during 30 minutes in OF increases its resistance to 

proteolytic digestion from seconds to hours, decreases its affinity for sperm binding and makes 
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it less penetrable, resulting altogether in reduced levels of polyspermy (Mondéjar et al. 2013; 

Coy et al. 2008).  

Meanwhile, the spermatozoa have to overcome a series of morphological barriers such as the 

cervix and the utero-tubal junction. The small proportion of spermatozoa that reaches the 

isthmus is bound to the ciliated epithelial cells, creating a sperm reservoir (Talevi & Gualtieri 

2010). It is gradually released but the reasons of its release are still unknown. It is 

hypothesized that it could be due to a loss of binding sites on the oviductal epithelium, to the 

peri-ovulatory changes in the OF or to a change in the spermatozoa, for example, those 

associated to capacitation like membrane modifications and the hyperactive motility (Suarez 

2008b; P. Coy et al. 2012).   

Once released, the sperm has to travel from the isthmus to the AIJ. There are two mechanism 

described that guide the spermatozoa towards the oocyte: chemotaxis, which is the 

movement of cells up a concentration gradient of chemoattractant (i.e. the progesterone 

released during the ovulation and also produced by the cumulus cells), and thermotaxis, which 

is the directed movement of cells along a temperature gradient (Eisenbach & Giojalas 2006). 

The mucus present in the oviduct also helps the sperm transport towards the ampulla due to a 

reduction in its viscosity after the ovulation which allows an accentuated flagellar beat (Hunter 

et al. 2011).  

 

3.2.2 Fertilization 

The hyperactive motility acquired by the spermatozoa after being released from the isthmus 

epithelium is essential for the fertilization (Quill et al. 2003). This new pattern is the 

consequence of the intracellular increase of Ca2+ (Suarez et al. 1993). The calcium is mobilized 

into the sperm cytoplasm through a sperm-specific ion channel called CatSper. The activation 

of this channel depend on many physiological changes occurring in the oviduct, like the 

progesterone increase after the ovulation (Publicover et al. 2007) and the pH changes in the 

oviductal fluid during oestrus (Suarez 2008a). 

When the hyperactive spermatozoon reaches the oocyte, it has to get through the cumulus 

cells with the aid of the hyaluronidase produced by itself, bind and penetrate the ZP and finally 

fusion with the oocyte. The traditional believe was that the union of the spermatozoon with 

the ZP induces the acrosome reaction which consist in the merge of the outer acrosomal 

membranes at the anterior region of the spermatozoon head with the plasma membrane 

(Senger 2005). However, recent studies showed that many spermatozoa have undergone the 
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acrosome reaction before having any contact with the ZP, in the upper isthmus (Muro et al. 

2016; La Spina et al. 2016).  

Some molecules presents in the OF have been describe to have an influence on the 

spermatozoon-oocyte binding, like the OVGP1 and the heparin-like glycosaminolgycans (Coy et 

al. 2008), as mentioned above. A group of five glycosidases, which activity has been proved to 

vary along the cycle, have been also suggested to have a role in this process by hydrolysing a 

ZP structural component (Carrasco et al. 2008). Finally, the plasminogen, a serum zymogen 

mainly produced by the liver, has also been quantified in the OF and demonstrated to bind 

oocytes at ZP and oolema level (Mondéjar et al. 2012). When converted to plasmin, it seems to 

remove spermatozoa attached to the ZP, thus contributing to the regulation of sperm 

penetration in the oocyte (Coy et al. 2012). 

In general, the spermatozoon motility and the enzymes released in the exocytosis of the 

acrosome components have been postulated to explain spermatozoon penetration through 

the ZP (Kim et al. 2008). After crossing the ZP and the perivitelline space, the plasmatic 

membranes of both oocyte and spermatozoon fuse, and the spermatozoon head is 

incorporated to the oocyte cytoplasm. This fusion causes many changes in the oocyte, for 

example the finalization of the second meiotic division (with the expulsion of the second polar 

body) and the cortical reaction (exocytosis of the cortical granules). Then the female and male 

pronuclei migrate to the centre and merge (syngamy), what marks the end of the fertilization 

and the start of the embryo development (Senger 2005).  

 

3.2.3 Early embryo development 

The in vivo embryo production involves a series of complex events that take place in different 

environments (oviduct and uterus). In vivo approximately, 24 hours post fertilization the first 

cleavage occurs; this process comprises a series of mitotic cell divisions that lead the embryo 

from the 2-cell stage (24 hours post fertilization), 4-cells (36 hours), 8-cells (72 hours), to the 

morula stage (day 4 to 7) and blastocyst (day 7 to 12) (Senger 2005). In the blastocyst stage, 

the cells differentiate into two types: trophoectoderm cells, which will form the 

extraembryonic tissues, and the inner cell mass, which will be the foetus. The embryo 

increases in size (expanded blastocyst), which causes the ZP rupture and the released of the 

embryo (hatched blastocyst) from day 9 to 11 (Senger 2005). From that moment, the embryo 

acquires a tubular or ovoid form and is then termed a conceptus (Hue et al. 2012). Around day 

15, the elongation begins and will finish with the formation of a filamentous structure which 

will occupy the entire uterine horn (Geisert & Bazer 2015). 
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The establishment of pregnancy in domestic ruminants (cow, goat, sheep) starts at the 

blastocyst stage and entails the recognition of pregnancy, implantation and placentation 

(Guillomot 1995; Spencer et al. 2007).  

The most important events of early embryo development are the first mitotic division, the 

embryonic genome activation (8-16 cell stage), which is crucial for the zygote differentiation 

and its implantation (Schultz et al. 1999), the morula compaction and the cell differentiation at 

the blastocyst stage. The first two occur in the oviduct as the cow embryo reaches the uterus 

about day 4 after fertilization at the morula stage (Geisert & Bazer 2015). 

The oviduct is the first environment to which the embryo is exposed, and although they can be 

produced in vitro and transferred successfully to a recipient, the oviduct has an important role 

regarding the quality of those embryos. The in vitro produced embryos are of inferior quality 

than the in vivo counterparts (Rizos et al. 2002), in terms of cryotolerance, gene expression 

patterns (altered in the in vitro production) (Rizos et al. 2008), inner cell mass/trophoectoderm 

cells ratios (Plourde et al. 2012) and pregnancy rates after transfer to recipients (Pontes et al. 

2009).  

The positive effects of the oviduct have been attributed to its capacity to regulate metabolites 

in the OF according to the needs of the embryo in the different phases, also being able to 

remove toxic compounds from the medium to protect the embryo against oxidative stress, and 

to the secretion of growth factors that contribute to cell proliferation (Bongso & Fong 1993).  

Approximately 80% of embryonic losses occur between days 8 and 16 post insemination 

(Diskin et al. 2006). This interval coincides with the maternal recognition of pregnancy. The 

high percentage of losses highlights the complexity and importance of the events occurring 

during this phase.  

 

3.3   Early embryo-maternal communication 

In ruminants, the principal pregnancy-recognition signal sent by the embryo is interferon tau, 

secreted by the trophoblast from day 10 up to Day 21-25 (Spencer 2004). However, some 

studies postulate that the in vitro embryos begin to express interferon tau as soon as the 

blastocyst forms (Lonergan, Rizos, Gutierrez-Adán, et al. 2003) or even sooner stages, from day 

3 (Yao et al. 2009). Furthermore, another early pregnancy signal has been recently reported by 

Muñoz et al. (2012), which is a downregulation of a nuclear factor that plays a key role in 

immune responses in the cattle uterus on Day 8 of pregnancy. As mentioned above, this period 

between days 8 - 16 of pregnancy is the most critical, when most of the embryo losses occur, 

and it is when the embryo is already in the uterus. However, to have a successful pregnancy 
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establishment the embryo must be of an excellent quality and that depends also on the 

oviduct environment and on a good gametes/embryo-maternal communication. Evidence 

showed that the embryo when in the oviduct suffers epigenetic changes that will have an 

effect on its development, implantation and postnatal phenotype (Wrenzycki et al. 2005).  

Some substances present in the OF may play an important role in the early embryo-maternal 

communication, like growth factors (Growth Hormone (GH) – Insulin-like Growth Factor (IGF)) 

and the hyaluronic acid (HA) (Wolf et al. 2003). The blastocysts quality was improved after 

culture with GH by inhibiting apoptosis (Kölle et al. 2002). Similarly, the quality and also the 

blastocyst rate was enhanced after culture with HA (Stojkovic et al. 2002; Palasz et al. 2006). 

The main functions of HA are cell adhesion and migration, dynamic processes that are 

mediated through interaction with extracellular matrix components, regulation of protein 

secretion, gene expression, and cell proliferation and differentiation (Stojkovic et al. 2002). 

Variable effects have been observed when the embryos have been cultured with IGF, 

depending on the dose (Wolf et al. 2003). The IGF may have a positive effect on the embryo 

development by modulating the oviduct secretions, or directly on the embryo, through the 

insulin-like growth factor binding proteins (IGFBPs)(Pushpakumara et al. 2002).  

In the last years, there is a growing interest in the extracellular vesicles, like microvesicles and 

exosomes, after the discovery of its immune effects (Raposo et al.  1996; Lopera-Vasquez, 

Meriem Hamdi, et al.  2016), and the possibility of its implication in the intercellular 

communication (Théry 2011). Nowadays it is known that those type of membrane vesicles 

have an endosomal and plasma membrane origin, which are released by several types of cells 

from both hematopoietic and non-hematopoietic origin (Raposo & Stoorvogel 2013). Its role in 

the intercellular communication has been describe as transporters of proteins, lipids, nucleic 

acids, ligands and receptors from their cell of origin to the recipient cell (Cocucci et al. 2009). 

The extracellular vesicles are able to deliver its content also in vitro (Burns et al. 2014). There is 

evidence that microvesicles and exosomes are present in the follicular fluid (Sohel et al. 2013), 

oviductal fluid (Lopera-Vasquez, M. Hamdi, et al.  2016) and also in the uterine fluid of 

pregnant and cyclic ewes (Burns et al. 2014). Its specific function in the field of reproduction 

has been linked with an increase in the expression of PMCA4a in the oviduct, related to the 

increase in calcium concentration and probably, the hyperactivated motility of the sperm (Al-

Dossary et al. 2013). Burns et al.  (2014) observed differences in the exosomes content from 

pregnant and non-pregnant ewes, supporting the hypothesis of their role in the embryo-

maternal communication and the establishment of pregnancy.  
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In the oviduct, the proportion between ciliated and secretory cells change between the 

follicular and the luteal phase (Yaniz et al. 2000) as well as the final composition of the OF 

(Seytanoglu et al. 2008). The gene expression of BOEC in the follicular and luteal phase of a 

cow was analysed by Cerny et al. (2015) and it revealed differential expression patterns 

between the two phases with several differentially expressed genes (DEG) exclusive to the 

ampulla and others exclusive to the isthmus. The protein expression pattern of the epithelial 

cells is also altered by the presence of the gametes in the oviduct, as it was shown in in vitro 

(Kodithuwakku et al. 2007) and in vivo studies (Georgiou et al. 2007). This last study in human 

and mouse oviducts detected a different oviductal response among the presence of oocytes or 

sperm. Furthermore, the response is different whether the spermatozoa carries an X- or Y-

chromosome; 60-70% of the genes upregulated in the presence of Y-spermatozoa were related 

to signal transduction and immune system, compared with X-spermatozoa (Almiñana et al. 

2014).   

The presence of an early embryo in the oviduct also changes the expression patterns. Several 

DEG have been identified in litter-bearing species like mice (Lee et al. 2002) and pigs. In pigs, 

Chang et al. (2000) found that most of the newly expressed genes were detected at 4-cell 

stage and beyond and that the down-regulated genes were related with the immune system 

(Almiñana et al. 2012). However, in mono-ovulatory species, it is more difficult to find 

differences. In a recent study from Maillo et al. (2015), no differences were found at the 

transcriptome of the bovine oviduct with a presence of one embryo; nevertheless, after 

transferring of 50 embryos into the oviduct, they were able to detect 278 DEG (123 

upregulated and 155 down-regulated). These findings suggested that failure to detect changes 

in the oviduct transcriptome in the presence of a single embryo may be due to the fact that 

any effect is very local and would not be easy detected by the use of the complete oviduct 

epithelium. However, the presence of multiple embryos in the oviduct resulted in the 

detection of DEGs in the oviductal isthmus, suggesting a reciprocal crosstalk between the early 

embryo and the oviduct (Maillo et al., 2015). 

The metabolic status of a dairy cow (heifers vs. lactating cows and dry vs. lactating cows) can 

influence early embryo development as well. Maillo et al.  (2012) transferred in vitro –

produced zygotes to the oviducts of dry and lactating cows around Day 60 postpartum and the 

embryo development was affected dramatically, with significantly lower blastocyst yield in 

lactating compared with dry cows.  
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It is obvious then that the oviduct interacts with the gametes and/or embryo since the very 

beginning and that its environment adapts accordingly to the circumstances. More studies are 

needed to elucidate the mechanisms involved in this maternal-embryo communication, largely 

unknown till the date (Fazeli & Pewsey 2008).  

 

3.4   In vitro embryo production (IVP) 

In 1951, (Chang 1951; Austin 1951) realized that the sperm needed to undergo some form of 

capacitation before it was able to penetrate the zona, and that this process occurred in the 

oviduct. Thanks to this observation, the first successful in vitro fertilization (IVF) was 

performed by Chang (1959) in rabbits with semen recovered from the uterine horn 12 hours 

after mating.  It was not until 1977 when the first IVF was achieved in cattle by  Iritani & Niwa 

(1977), and until 1982 when the first calf was born after IVF in the USA (Brackett et al. 1982). 

By this time, the oocytes were recovered after ovulation through laparoscopy and the culture 

after fertilization was performed after transfer in the rabbit oviduct.   

In 1988 Lu et al.  (1988) developed a method to produce embryos entirely in vitro with the 

advances in the knowledge of oocyte maturation, sperm capacitation and co-culture of the 

embryos with bovine oviductal cells (Gandolfi & Moor 1987). The fact of being able to mature 

oocyte in vitro also opened the possibility of recovery oocytes from ovaries collected at the 

slaughterhouse, therefore significantly decreasing the cost of the IVP. As a consequence, the 

IVP became quickly a commercial reality and a tool for breeding-improvement purposes.  

Almost 30 years after, the production process of in vitro embryos is far from optimal. From the 

oocytes recovered from slaughterhouse ovaries, 90% undergo matured (nuclear and 

cytoplasmic maturation). Of those, 80 % are successfully fertilized and divide into 2 cells stage 

(Lonergan, Rizos, Gutiérrez-Adán, et al. 2003). However, the problem is that only 30% of the 

matured oocytes manage to reach the blastocyst stage (Rizos et al. 2008). In addition, after 

transfer of these embryos into recipient cows, pregnancy rate is between 40-60% compared to 

about 70% when in vivo embryos are transferred (Hasler et al. 1995). 

 

3.4.1 In vitro maturation (IVM)  

Although the rate of oocytes maturation is high (90%)(Lonergan, et al.  2003), there are many 

factors to consider achieving it. Oocyte origin is what determines the final rate of blastocysts; 

those which have matured in vivo and then have been fertilized and cultured in vitro are more 
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likely to reach the blastocyst stage than those which have undergone the whole process in 

vitro (Rizos et al. 2002). 

Another factor that influences the quality and therefore the blastocyst rate, is the size of the 

follicle aspirated. Oocytes recovered from follicles of more than 6 mm yield a higher 

proportion of blastocyst compared with follicles between 2-6 mm (65.3% and 34.3% 

respectively) (Lonergan et al. 1994). 

After obtaining the COCs, a good selection is essential to obtain a good maturation rate. The 

two parameters used for this purpose are the presence or absence of cumulus cells and the 

appearance of the cytoplasm. According to these features the COCs are classified into 4 

groups: 

- Grade 1: oocytes with more than 4 layers of cumulus cells, complete and compact, 

and a homogeneous cytoplasm. 

- Grade 2: oocytes with fewer layers of cumulus cells, between 1 and 3, with 

homogeneous cytoplasm or a darker area on the perimeter of the oocyte. 

- Grade 3: oocytes without cumulus cells or not completely surrounded by them, with 

darker and/or irregular cytoplasm. 

- Grade 4: expanded oocytes, and picnotic or very dark and/or irregular oocyte 

cytoplasm (de Loos et al.  1989).  

 

Once selected, another important factor is the maturation medium, which can be defined, 

when all of the chemical components are known, or semi-defined, when adding some 

biological component for example, which composition varies between batches. The most 

widely used for maturation is the TCM-199, which is a complex medium, usually supplemented 

with foetal calf serum (FCS) or bovine serum albumin (BSA), whose composition varies 

between different batches and is not fully known (Gordon 2003). The maturation media can 

also be supplemented with gonadotropins, steroids and growth factors, and a small increase is 

obtained in the rate of blastocysts (Lonergan & Fair 2008). 

Finally, oocytes must be matured between 22 and 24 hours in a suitable environment with 

38.5°C, 5% CO2 and saturated humidity (Gordon 2003). 

 

3.4.2 In vitro fertilization (IVF) 

In this step, the most important factor is to make a good selection of sperm to remove non-

motile sperm cells and unwanted components of semen. There are several products and 

protocols to do so: the swim-up (Parrish et al. 1986), and gradients such as Percoll (Saeki 1991) 
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and BoviPure ™. The Percoll and BoviPure ™ have similar results regarding the final rate of 

blastocysts, but the advantage of BoviPure ™ is that it is less toxic (Samardzija et al.  2006) .  

After selection, the sperm concentration is calculated and the proper quantity of sperm is 

added to the fertilization medium to have a final concentration of 1x106 sperm/mL.  

The IVF medium most commonly used is the TALP (Bavister & Yanagimachi 1977), a 

modification of the Tyrode that contains sodium bicarbonate, albumin as a source of protein, 

lactate and pyruvate as an energy source (Gordon 2003). Heparin can also be added to the 

medium to trigger sperm capacitation (Parrish et al. 1986), and prepare it for the acrosome 

reaction and fertilization (Parrish et al. 1985). 

The co-culture of sperm with matured oocytes is done for 18-22 hours under the same 

conditions as maturation: 38.5 °C, 5% CO2 and saturated humidity (Gordon 2003). 

 

3.4.3 In vitro culture (IVC) 

While oocyte origin is the main factor affecting the rate of blastocysts, the factors that most 

influence the quality of the embryos are the conditions after fertilization (Rizos et al. 2002). 

Some of the main factors affecting the development and the embryo quality are: the culture 

medium, the number of embryos per micro-droplet, the ratio embryo/culture medium, the 

temperature and the gas balance in the incubator (Lonergan et al. 2006).  

The most used media for the culture of the zygotes is synthetic oviductal fluid (SOF) which is 

usually supplemented with 5% of FCS and/or BSA (Holm et al. 1999; Tervit et al. 1972). Both 

have pros and cons, its use increases the final percentage of blastocysts compared to serum 

free media. Serum causes an increase in the speed of development, many embryos reach the 

blastocyst stage on day 6 (Gutierrez-Adan et al. 2001); however, affect negatively the embryo 

quality compared to the once produced with albumin in a concentration of 3mg/mL (Rizos et 

al. 2002). The addition of FCS to the culture media has also been linked to the large offspring 

syndrome, which is characterized by large calves that can cause dystocia and also have a high 

postnatal mortality due to defects in many organs (Young et al. 1998); which represents an 

important economic loss to the farmer.  

Beside the defined or semi-defined media, the embryos can also be cultured with oviductal, 

granulosa or Vero cells; or with conditioned media (Mermillod et al.  2010; Maeda et al.  1996). 

The conditioned media is the result of the co-culture of the media with somatic cells. This co-

culture systems are supposed to help overcoming the embryonic blockage that happens in the 

stage of 8-16 cells (Vansteenbrugge et al. 1994; Minami et al. 1992).  
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The in vitro culture of bovine embryos can be performed in an isolated oviduct. Rizos et al.  

(2007) demonstrated that the mouse oviduct can support the development of a bovine 

embryo and improve its quality.  

 

3.5   Embryo co-culture with bovine oviductal epithelial cells (BOEC) 

The introduction of co-culture of cattle and sheep embryos with somatic cells a quarter-

century ago was regarded at the time as being an important milestone in overcoming the 

arrest of development at the 8 to 16-cell stage (Gandolfi & Moor 1987). 

Nowadays, the improved cultured media allow avoiding the co-culture to produce embryos for 

commercial or research purposes. However, this method has been described as one of the 

most appropriate in vitro models, that “mimic” the physiological conditions, to study the 

gametes and embryo interactions with the oviduct (Van Soom et al. 2010).   

The positive effects of the co-culture with BOEC on the embryo quality are well known, the 

number of cells in the blastocyst stage is slightly increased and the survival rate post-thawing is 

significantly better (Mermillod et al.  2010). Those effects are attributed to embryotrophic 

substances, such as growth factors secreted by the cells (Tse et al. 2008). A recent study by 

Cordova et al.  (2014) showed that embryo co-culture with BOEC during the four first days of 

embryo development accelerated the kinetics of blastocyst development and improved the 

expression of genes related with apoptosis and oxidative stress in the developed embryos. 

Furthermore, Lopera-Vasquez et al.  (2016) reported that an established BOEC line can be used 

successfully after freezing and thawing, avoiding the lack of reproducibility between replicates, 

as an in vitro embryo co-culture system. However, the effect of the embryo on the epithelial 

cells is not fully known. The only evidence in the literature comes from a study by Schmaltz-

Panneau et al. (2014) where the transcriptome profile of a BOEC monolayer cultured for 8 days 

with or without  blastocysts was compared. The analysis revealed 34 DEG from which at least 

25 were already described as induced by interferons. Based on the difficulty to study the 

oviduct-embryo interaction in vivo, the challenge today is to develop an in vitro model 

“mimicking” the in vivo conditions. 
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4. Motivation and objective of the project 

 The motivation of this work is to establish an in vitro model for embryo maternal 

communication in bovine based on a previous in vivo study (Maillo et al.  2015). In this study, 

two experiments were performed. First, the effect of a single embryo in the oviduct was 

assessed, but no signal was perceived. Therefore, a second experiment was performed 

transferring 50 embryos into the oviduct. The microarray analysis revealed 278 differentially 

expressed genes after the multiple transfer.  

The specific objective of this project was to evaluate the transcriptome response of BOEC 

monolayer to the presence of early stage embryos.  
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5. Experimental design 
 

Experiment 1 

Objective: determine the BOECs response to the presence of early bovine embryos cultured in 

vitro under a monolayer system. 

BOECs monolayer were co-incubated for 24 h with Day 2 (monolayer Day 2 embryos group) or 

Day 3 (monolayer Day 3 embryos group) bovine embryos produced in vitro to determine the 

embryonic effect on BOECs. A control group without embryos was included in each replicate 

(monolayer no embryos group). Cells were snap frozen in liquid nitrogen and stored at -80ºC. 

mRNA extraction was carried out and the relative abundance of specific genes was measured 

by quantitative real time PCR (qPCR). 

 

Experiment 2 

Objective: evaluate the expression of several genes of interest from the BOEC monolayer in 

response to direct or indirect contact with an early embryo.  

In order to limit the area of contact between the embryos and the BOEC, embryos were 

cultured in a nontoxic woven polyester mesh (Sefar Petex; Sefar, Bury, Lancashire, UK) in a 7x7 

grid (i.e., 49 embryos/well). After 24h co-culture, the BOECs directly beneath the embryos 

(Group 1) were recovered as well as cells in the same well but outside this area (i.e., not in 

direct contact with the embryos (Group 2, control+)) and cells from a different well without 

embryos (Group 3, control-). Cells were snap frozen in liquid nitrogen and stored at -80ºC. 

mRNA extraction was carried out and the relative abundance of specific genes was measured 

by qPCR. 
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6. Material and Methods 
Unless otherwise stated, all chemicals were purchased from Sigma Aldrich Química S.A 

Company (Madrid, Spain). 

6.1   In vitro Embryo Production (IVP) 

6.1.1 In vitro Maturation (IVM) 

Ovaries from heifers and cows were collected in the slaughterhouse and transported in saline 

solution (9g/L NaCl) supplemented with gentamicin (0.1%) at 38 ºC. The immature COC’s 

(n=500) were obtained through aspiration of follicles between 2 and 8 mm of diameter. Only 

grade 1 and 2 COCs were selected and matured for 22-24 h in 500 μL of maturation media 

(Annex – Table 1) in a four well NUNC® dish, in groups of 50 COCs per well at 38.5 ºC under an 

atmosphere of 5% CO2 in air, with maximum humidity.  

 

6.1.2 In vitro Fertilization (IVF)  

After 24 hours, the COCs were washed twice in fertilization medium (Annex – Table 2) and 

transferred into a four well dish with 250 μL of this medium in groups of 50 COC’s per well.  

Meanwhile, frozen-thawed sperm from a proven fertile bull (Asturgen S.L, Gijón, Asturias, 

Spain) was selected with BoviPure® gradient. The content was deposited on top of the 

gradient and centrifuged for 10 minutes at 300 x g.  Then the supernatant was carefully 

removed and the pellet was resuspended and transferred into another tube with 1 mL of 

BoviWash®. This tube was spin at 300 x g for 5 minutes. The supernatant was removed, and 

the pellet resuspended in 300 μL of FERT. The sperm concentration was calculated with a 

Thoma chamber and the pellet resuspended in the appropriate volume of FERT to achieve a 

concentration of 2 x106 sperm/mL. A 250 μL of this last solution were added to each well 

containing the COC’s (final sperm concentration of 1 x106 sperm/mL). The gametes were co-

incubated for 18 to 22 hours under an atmosphere of 5% CO2 in air, with maximum humidity at 

38.5 ºC.    

 

6.1.3 In vitro Culture (IVC) 

After 18, the presumptive zygotes were deposited into a tube with 3 mL of PBS and vortexed 

for 3 min to remove the cumulus cells and also to eliminate the remaining sperm. The denuded 

presumptive zygotes were selected based on their morphological characteristics like 
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homogeneity of the ZP, perivitelline space and cytoplasm. They were washed 3 times in PBS 

and one in culture medium (Annex – Table 3). The culture was performed in a 35 mm dish in 

micro-droplets of 25 μL of SOF covered with mineral oil, at 38.5 ºC under an atmosphere of 5% 

CO2, 5% O2 and 90% N2 and in groups of 25 zygotes/drop.  

After 48 (Day 2) and 54 (day 3) hours post-insemination 2-4 cell and 6-8 cell embryos were 

isolated respectively and used for co-culture with BOEC monolayer (Experiment 1 and 2) .  

 

6.2   BOEC’s culture 

Samples of oviducts corresponding to early luteal phase based on corpus luteum morphology 

(2 to 4 days after ovulation) (Ireland et al. 1980) were collected from the local slaughterhouse 

and transported on ice. Once in the laboratory, the oviducts were trimmed free of surrounding 

tissues and washed 3 times in PBS. The isthmus was isolated and squeezed, and the epithelial 

cells of 3 individuals were pooled. These cells were centrifuged twice with 10 mL of PBS (300 x 

g; 7 min), removing the supernatant after the first centrifugation and adding fresh media. After 

the second centrifugation the pellet was resuspended in 1 mL of culture medium (TCM 199 - 

M4530 supplemented with 10% (v⁄v) foetal calf serum (FCS) and 2.5% (v⁄v) gentamycin) and 

the cells were mechanically individualized with a syringe of 1 mL and a 25G needle. The 

concentration of cells was calculated with the same procedure as for the sperm and the proper 

dilutions were made to have a final concentration of 2 x 106 cells/mL. The cells were incubated 

in 500 mL of culture medium in a four-well NUNC® dish at 38.5 ºC under an atmosphere of 5% 

CO2 in air, with maximum humidity.  

After 24 hours, the supernatant was centrifuged (300 x g; 7 min), the pellet was resuspended 

in fresh culture medium and incubated under the same conditions. Half volume of the medium 

was changed every 48 hours. 

Six days later, the, medium was replaced with synthetic oviductal fluid (SOF) supplemented 

with 10% FCS.  

 

6.3   Mesh preparation 

In order to limit the area of contact between the embryos and the BOEC in the second 

experiment, a nontoxic woven polyester mesh (Sefar Petex; Sefar, Bury, Lancashire, UK) was 

used with a size of 41x41 grid corresponding to the size of a well of a 4-well dish NUNC.   

Once the monolayer were confluent, one of the squares was stuck outside the well with the 

BOEC monolayer, in order to use it as a guide, it had a delimited area of 7x7 squares 
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highlighted in blue. Another square of mesh, after being washed once with 70% ethanol and 

twice with the medium SOF, was introduced into the well so that the two meshes were 

overlapped (Figure 2).  

 

 

 

 

 

 

 

 

Figure 2. Mesh preparation in a NUNC 4-well dish.  

 

 

6.4   Co-culture  

In Experiment 1, the IVP and the BOEC monolayer culture were coordinated to have Day 2 (2-

4-cells) and Day 3 (8-cells) embryos on day 7 of the BOEC, when the confluency was 75 to 80%. 

At that time, 50 embryos were placed over the monolayer. Then they were co-cultured at 

38.5ºC for 24h under an atmosphere of 5% CO2 and saturated humidity. 

In Experiment 2, we used 6-8 cell embryos (reached approximately 52 hours post-fertilization) 

also on Day 7 of the BOEC. Then, 49 embryos were placed in the mesh within the well in an 

area of 7x7 squares to keep the embryos fixed in the same area and in direct contact with the 

cells (Figure 3). They were co-cultured for 24h under the same conditions as experiment 1.  

 

 

 

Figure 3. 6 to 8-cell stage embryos placed in the mesh in co-culture with a 7d BOEC monolayer. 
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6.5   Sample collection 

In the first experiment, the embryos were removed and the whole monolayer was lifted, after 

being washed twice with PBS, using a 100 μL/well of lysis buffer from the Dynabeads mRNA 

Direct Kit (Ambion; Thermo Fisher Scientific Inc., Oslo, Norway) during 3 minutes. Three groups 

were differentiate: monolayer Day 2 embryos group, monolayer Day 3 embryos group and 

monolayer no embryos group. The samples were snap frozen and stored at -80ºC.  

In the second experiment, the embryos and the mesh were removed and three different 

samples of BOEC were collected: G1, the BOEC in direct contact with the embryos; G2, the 

proximal control, BOEC which were not in direct contact with the embryos but belonged to the 

same well; G3, the distal control, BOEC from another well without embryos.  

To collect the samples, the wells were washed twice with PBS and a minimum volume to cover 

the well was left. Then, with a small pipette tip (5-10 μL), the area corresponding to a 7x7 

squares was lifted. The cells were collected with a micropipette in a volume of 2 to 4 μL which 

was placed in a 1.5 mL Eppendorf tube, snap frozen and stored at -80 °C for further analysis. 

Embryos were also snap frozen and stored at -80 to later analyse.  

 

6.6   Gene expression Analysis 

6.6.1 RNA extraction, reverse transcription and quantification of 

mRNA transcript abundance 

Five replicates of BOECs from Experiment 1 and 2 were analysed separately. The extraction of 

the BOECs mRNA was made using the Dynabeads mRNA Direct Kit following the manufacturer 

instructions (Ambion; Thermo Fisher Scientific Inc., Oslo, Norway). After 10 min incubation in 

lysis buffer with Dynabeads, poly(A) RNA attached to the Dynabeads was extracted with a 

magnet and washed twice with washing buffer. Next, RNA was eluted with Tris-HCl. 

Immediately after extraction; the reverse transcription (RT) reaction was carried out following 

the manufacturer’s instructions (Epicentre Technologies Corp., Madison, WI, USA).  The primer 

mix was prepared adding Oligo(dT) primers, random primers, dNTPs (deoxyribonucleotide 

triphosphates), DTT (Dithiothreitol, used to stabilize enzymes and other proteins) to the buffer, 

in a total volume of 40 mL to prime the RT reaction and to produce cDNA. First, the tubes were 

heated to 70ºC for 5 min to denature the secondary RNA structure and then the RT mix was 

completed with the addition of 50 units of a high performance reverse transcriptase enzyme, 

the Moloney Murine Leukemia Virus (MMLV). The tubes were then incubated at 25ºC for 10 
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min to favour the annealing of the primers, followed by 60 min at 37ºC to allow RT of RNA, and 

finally 85ºC for 5 min to denature the enzyme.  

 

6.6.2 Quantification  

Quantitative polymerase chain reactions (qPCR) were carried out in duplicate on the 

Rotorgene 6000 Real-Time Cycler TM (Corbett Research, Sydney, Australia) by adding a 2µL 

aliquot of each sample to the PCR mix (GoTaq qPCR Master Mix; Promega Corporation, 

Madison, WI, USA) containing the specific primers previously designed using Primer-BLAST 

software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to amplify 10 genes of 

interest: Rho associated coiled-coil containing protein kinase 1 and 2 (ROCK1 and ROCK2), 

proline/arginine-rich end leucine-rich repeat protein (PRELP), suppressor of cytokine signalling 

3 (SOCS3), SMAD family member 6 (SMAD6), Glutathione peroxidase 4 (GPX4), Nuclear factor, 

erythroid 2 like 2 (NFE2L2), Sodium channel, voltage gated, type IX alpha subunit (SCN9A), 

Epithelial stromal interaction 1 (EPSTI1) and Insulin-like growth factor binding protein 3 

(IGFBP3). Primer sequences and the approximate sizes of the amplified fragments of all 

transcripts are shown in Table 4 (Annex). 

Cycling conditions were 94ºC for 3 min followed by 35 cycles of 94ºC for 15s, 56ºC for 30s, 

72ºC for 10s and 10s of fluorescence acquisition. Each pair of primers was tested to achieve 

efficiencies close to 1 and then the comparative cycle threshold (ΔΔCt) method was used to 

quantify expression levels as described by (Schmittgen & Livak 2008). To avoid primer dimer 

artefacts, fluorescence was acquired in each cycle at a temperature higher than the melting 

temperature of primer dimers (specific for each product, 80–86ºC). Then the threshold cycle or 

the cycle during the log-linear phase of the reaction at which fluorescence increased above 

background was determined for each sample. The ΔCt value was determined by subtracting 

the endogenous control Ct value (an average of H2A Histone Family and Actin Gamma 1 

(ACTG)) for each sample from each gene Ct value of the sample. Calculation of ΔΔCt involved 

using the highest sample ΔCt value (i.e. the sample with the lowest target expression) as a 

constant to subtract from all other ΔCt sample values. Fold-changes in the relative gene 

expression of the target were determined using the equation 2-ΔΔCt. 

 

6.6.3 Immunocytochemical staining 

The epithelial origin of the isolated BOEC was confirmed by subjecting the cells to 

immunocytochemical staining after culturing them on glass coverslips previously coated with 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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5% gelatin. Those were fixed on day 7 of culture with 4% paraformaldehyde (Panreac®) for 30 

minutes. Then the cells were permeabilized with Triton x-100 0.5% for 5 minutes. Three 

coverslip were incubated separately with primary and secondary antibodies for epithelial cells 

(anti-bovine-pancadherin, anti-bovine-pancytokeratin) and for stromal cells (anti-bovine-

vimentin). Then samples were mounted with Hoechst 33342-containg Prolong (Invitrogen) and 

visualized under an epifluorescence microscope. 

 

6.6.4 Statistical analysis 

Relative abundance of the target transcripts was analysed with the statistical program 

SigmaStat (Jandel Scientific, San Rafael, CA) and a one-way analysis of variance (ANOVA) was 

made. Differences were considered significant at P < 0.05. 
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7. Results 

7.1   Immunostaining results: 

Cells positive for cytokeratin, cadherin and vimentin were green stained and nuclei were blue 

counterstained with Hoechst 33342 (Figure 4). Overall analysis of the immunocytochemical 

staining showed approximatively >95% of cells were positive for anti-bovine-pancadherin and 

anti-bovine-pancytokeratin, confirming the epithelial origin, while less than 5% were positive 

for anti-bovine-vimentin (stromal cells) confirming the purity of the cells isolated from the 

isthmus part of the oviduct.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. BOEC monolayers immunostaining. The green staining correspond to (A) epithelial 

cells positive to anti-bovine-pancytokeratin; (B) epithelial cells positive to anti-bovine-

pancadherin; (C) stromal cells positive to anti-bovine-vimentin. The blue counterstaining 

correspond to the cells nuclei. 
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7.2   Gene expression analysis  

Experiment 1 

We compared gene expression profiles of BOEC at day 7 of culture after 24 hours in the three 

groups. The genes analysed could be classified in 3 groups according to their molecular 

function: antioxidant activity (GPX4), catalytic activity (GPX4, ROCK2, SOCS3) and binding 

(PRELP) (Protein Analysis Through Evolutionary Relationships, http://pantherdb.org). No effect 

of the embryo in the BOECs related with the expression of these genes was detected among 

groups (p>0.05) (Figure 5). 

 

 

Figure 5. Relative abundance of the target transcripts in the BOEC monolayer cultured with or 

without early embryos  

 

 

 

Experiment 2 

We compared gene expression profiles of BOEC at day 7 of culture after 24 hours in the three 

groups. The genes analysed could be classified in 5 groups according to their molecular 

function: antioxidant activity (GPX4), binding (SMAD6, IGFBP3, NFE2L2), catalytic activity 

(GPX4, ROCK1, ROCK2, SOCS3), transporter activity (SCN9A) and one with unknown function 

(EPSTI1) (Protein Analysis Through Evolutionary Relationships, http://pantherdb.org). The 
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statistical analysis revealed only one DEG (Figure 6). The EPSTI1 expression was increased 

(p<0.05) from almost 2-fold in the groups of cells that were not in direct contact with the 

embryos (G2 and G3). The presence of early embryos did not seem to have an effect in the rest 

of genes expression. However, a similar pattern can be appreciate in the expression of ROCK1, 

ROCK2 and GPX4, all of which have a catalytic activity, and also the NFE2L2, involved in binding 

processes. In all of them the G2 group is slightly overexpressed and the distal control (G3), has 

the lowest expression.  

 

 

Figure 6: Relative abundance of the target transcripts in the BOEC monolayer in response to 

direct contact with early embryos (G1), the proximal control (G2) and the distal control (G3).  
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8. Discussion 
 

The purpose of this study was to elucidate changes in the oviduct epithelial cells in vitro due to 

the presence of early embryos. The BOEC monolayers have been described as an adequate in 

vitro system to study embryo maternal interactions (Ulbrich et al. 2010). The positive effects of 

the co-culture of BOEC with embryos are largely known. Since it helped overcome the embryo 

blockage between the 8- to 16-cells stage (Gandolfi & Moor 1987), many researchers have 

focused their interest in the effects on the embryo (Eyestone & First 1989; Abe & Hoshi 1997; 

Mermillod et al.  2010; Cordova et al.  2014). However, there is not as much literature about 

the effect of the embryo on the oviduct epithelial cells in vitro (Lee et al.  2002; Tse et al.  

2008; Schmaltz-Panneau et al.  2014).  

The selection of the genes was made considering relevant genes for embryo development and 

maternal communication previously reported. Some of them were found differentially 

expressed (ROCK1 and ROCK2 were up-regulated, and PRELP and SOCS3 were down-regulated) 

between pregnant and cyclic heifers in the in vivo study by  Maillo et al. (2015) after a multiple 

embryo transfer. Furthermore, ROCK1 and ROCK2 were described previously to be required for 

cohesion of inner cell mass cells and formation of segregated tissues in mouse blastocyst 

(Laeno et al. 2013; Kono et al. 2014). SOCS3 was found strongly upregulated during 

implantation, especially in embryos produced by somatic-cell nuclear transfer, suggesting a 

role in the immune response (Carvalho et al. 2014). High expression levels of NFE2L2 were 

previously linked to competent blastocysts cultured under oxidative stress (Amin et al. 2014). 

SMAD6 was reported to be involved in the negative regulation of the bone morphogenetic 

proteins signalling pathway, which play multiple roles in the regulation of growth, 

differentiation and apoptosis of numerous cell types and have been implicated in the 

regulation of ovarian follicular development (Fatehi et al. 2016; Hata et al. 1998). GPX4 has an 

important role in the detoxification of oxidative damage to membrane lipids (Ran et al. 2004), 

so it could exert a positive effect protecting the embryos against oxidative stress. Lapointe et 

al.  (2005) observed that the highest expression of the GPX4 was in the isthmus proximal to 

the dominant follicle during the follicular stage and remained high during the postovulatory 

period. Finally, the SCN9A, EPSTI1 and IGFBP3 were found differentially expressed in the BOEC 

monolayer co-cultured during 8 days with 20 early embryos (Schmaltz-Panneau et al. 2014). 

However, there is no information regarding their exact function in the context of early 

embryonic development. 
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In the first experiment of the present study, even when 50 embryos were used to amplify the 

possible signal, no DEG were found. However, only 4 genes were assessed and the whole 

monolayer was recovered for analysis. We hypothesised that the embryo could exert a highly 

localised signal, only affecting the cells in direct contact with it. So, when analysing the whole 

monolayer the proportion of cells in direct contact with the embryos compared with the rest 

was very low, and the signal was probably silenced. With this hypothesis, the second 

experiment was designed using the mesh for the first time in a BOEC expression study. This 

allowed us to keep the embryos fixed in the same place and to be able to analyse only the cells 

in direct contact. One of the nine genes analysed was found differentially expressed, 

supporting our hypothesis.  

In the study performed by Schmaltz-Panneau et al. (2014), 34 genes were differentially 

expressed. Nevertheless, at least 25 of those were induced by interferon, since they co-

cultured the BOEC with the embryos until the blastocyst stage. From the other 9 genes, 8 were 

up-regulated (including the SCN9A, EPSTI1 and IGFBP3), and only one was down-regulated. 

The expression pattern of the SCN9A obtained in the present study, although there was no 

significance difference, seemed to be slightly overexpressed in the G1 group, which would be 

in concordance with the study by Schmaltz-Panneau et al. (2014). They hypothesised that 

there is a neurotrophin signalling by the embryo at the time of blastocyst formation, which will 

be consistent with a recent report in human were the expression of the SCN9A was up-

regulated by neurotrophins (Diss et al. 2008). In contrast, the expression of the IGFBP3 and the 

EPSTI1 in the G1 group, was lower than in G2 and G3.   

The EPSTI1 expression was reported for the first time in bovine endometrium in a 

transcriptome study by Klein et al.  (2006) of endometrium samples from Day 18 pregnant vs. 

non-pregnant twin cows. In a similar study by Forde et al.  (2011) were the aim was to 

determine the earliest response of the bovine uterine endometrium to the presence of the 

conceptus, they didn’t find any difference between non-pregnant cow and pregnant cows until 

Day 16 post-estrus when they found 764 DEG. However, the EPSTI1 was not one of them. This 

gene has been linked to the endometrial remodelling before the attachment of the embryo 

(Klein et al.  2006). Therefore, the difference between the expression patterns of the two 

studies could be due to the time when the endometrium starts to be prepared for the 

implantation. In human, the most prominent expression of the EPSTI1 was found in the 

placenta, but it was also highly upregulated in invasive breast carcinomas compared with 
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normal breast tissue (Nielsen et al.  2002). In any case, high expression levels of EPSTI1 are 

shown in tissues characterized by extensive epithelial-stromal interaction which reflects an 

important role in tissue remodelling (Klein et al.  2006).  

The difference between the results of the present study and the results from Schmaltz-

Panneau et al.  (2014) are possibly owing to the type of samples taken and the time of the co-

culture. In the present study, the samples were divided in 3 groups as explained above, while 

in the second case were just divided between cells co-cultured with embryos or without 

embryos. Therefore, it could be possible that the presence of early embryos does not really 

upregulate the expression of EPSTI1 on the BOEC monolayer, as shown in the present results. 

The high expression of the gene in the G2 and G3 could be due to the fact that the BOEC, when 

cultured in a monolayer, are regularly dividing, which rarely happens in vivo (Gordon 2003) 

and probably exists an interaction with the stromal cells present in the culture. When the 

embryos are placed in direct contact with the monolayer, it seems to stop this tissue 

remodelling, which would be closer to their physiological behaviour. Another explanation 

could be the duration of the experiment, in the present study, the co-culture was only during 

24 hours, while in the study by Schmaltz-Panneau et al.  (2014) it lasted 8 days. However, their 

results contrast with the studies in vivo mentioned above, although those were focused on the 

endometrium, they were not able to detect a high expression of the EPSTI1 on Day 5, 7, 13 and 

16 of pregnancy (Forde et al.  2011), and it was not until Day 18 (Klein et al.  2006) when it was 

upregulated.  

In both cases, a primary culture of BOEC was used for the experiment. Every batch of BOEC 

differs from the other, as shown in the study by Diez et al.  (1999) where they observed 

different levels of embryotrophic activity between batches. Therefore, there is a lack of 

repeatability, added to a complex methodology to obtain and isolate the cells, and a risk of 

contamination (Guerin et al.  1997). A possible solution could be the use of established cell 

lines, which could be cryopreserved, thus providing a continuous supply of cells (Eyestone et 

al.  1991; Ulbrich et al.  2010). The use of BOEC monolayer has been also questioned due to 

the dedifferentiation of the cells once they are attached to the well (Rottmayer et al.  2006), 

which implies the loss of important morphological features like the cell height, loss of cilia and 

loss of secretory granules and bulbous protrusions (Thibodeaux et al.  1992; Walter 1995). 

Many alternatives have been proposed to avoid the withdraws of the monolayer as culture the 

BOEC in suspension, in perfusion chambers, in polarized systems (for review see Maillo, et al.  

2016) or performing a 3D culture (Ferraz et al.  2015). In general, with the use of this systems 

the cells conserve their physiologic morphology during more time, and in the case of the 
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suspension cells, the polarized systems and the 3D culture, some genes markers (such as 

OVGP1, estrogen and progesterone receptors) are still present (Rottmayer et al.  2006; Hamdi 

et al.  2015; Ferraz et al.  2015).  

The use of the mesh implies more accurate results than analysing the whole monolayer. From 

9 genes analysed, we found one DEG, related to tissue remodelling. It would be interesting in 

further studies, to add more genes or use an array to be able to detect more differences and 

identify genes involved in the embryo-maternal communication at early stages of pregnancy, 

when the embryo is still in the oviduct. Another possible improvement, would be to use a 

system that conserves the morphologic characteristics more faithfully, like the ones already 

mentioned. However, the challenge today is to develop a standardized and repeatable in vitro 

system to study early embryo-maternal communication.  
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9. Conclusions 
 

 

 Under our experimental conditions: 

o A large area of BOEC monolayer is not adequate to study a possible embryo 

signals. 

o Our limited evidence for an embryo-induced transcriptomic response in the 

cells of the oviduct (BOEC) suggests a local effect of the embryo.  

 The improvement of BOECs in vitro culture may help to elucidate this maternal 

embryo-communication   
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10. Annex 
 

Table 1. Maturation Media Composition 

TCM 199, supplemented with:  

- Foetal Calf Serum (FCS) 10% (v/v) 

- Epidermal Growth Factor (EGF) 10 ng/mL 

- Gentamicin  0.5% (v/v) 
 

Table 2. Fertilization Media Composition 

Tyrode’s Medium, supplemented with:  

- Bicarbonate 25 mM 

- Lactate 22 mM 

- Na-pyruvate 1 mM 

- Fatty acid-free BSA 6 mg/mL 

- Heparin Sodium Salt 10 mg/mL 
 

Table 3. Culture Media Composition 

SOF, supplemented with:  

- Sodium Lactate 4.2 mM 

- Sodium Pyruvate 0.73 mM 

- BME amino acids 30 μL/mL 

- MEM amino acids 10 μL/mL 

- Phenol-red 1 μg/mL 

- BSA 3 mg/mL 
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Table 4. List of primers.  

Gene 
symbol 

Gene name Putative function Primer Sequence 5’  3’ Amplicon 
length (bp) 

SLC26A3 Solute carrier family 26 (anion 
exchanger), member 3 

Protein binding and transporter activity Fw AATCCCAGTCAGGAAGTAGAAGC 140 

Rv GTGATGGATGAGGATCTCTCTGAA 

MCTP1 Multiple C2 domains, transmembrane 
1 

Calcium ion binding and protein binding Fw AGGGTAGGGACAACTCCAGA 232 

Rv GAAGAGCCAGGGCTTGGTAA 

BMP5 Bone morphogenetic protein 5 Cytokine activity, protein binding and growth factor activity Fw TACAAGGATAGGAGCAACGGC 181 

Rv TCACCCAATGATTGCTGGTCA 

ROCK1 Rho associated coiled-coil containing 
protein kinase 1 

Nucleotide binding, protein kinase activity, protein binding and 
ATP binding 

Fw ACGTGACCTAGTGCCTTGTG 164 

Rv CCTCAGTGTGCTTTTGTGCC 

ROCK2 Rho associated coiled-coil containing 
protein kinase 2 

Nucleotide binding, protein kinase activity, protein binding and 
ATP binding 

Fw CTTGGCTGCTCAACTGGAGA 276 

Rv TGCTCTTGGGCTTCCTTCAG 

SOCS3 Suppressor of cytokine signalling 3 Protein kinase inhibitor activity and protein binding Fw GCGAGAAGATCCCTCTGGTG 167 

Rv CTAAAGCGGGGCATCGTACT 

GPX4 Glutathione peroxidase 4 Peroxidase activity and oxidoreductase activity Fw TGTGGTGAAGCGGTATGGTC 266 

Rv TATTCCCACAAGGCAGCCAG 

SMAD6 SMAD family member 6 RNA polymerase II core promoter proximal region sequence-
specific DNA binding 

Fw GGAGAAATTCGCTCCAAGTGC 242 

Rv CCCTGCCTTTAAAACCCAAGC 

SCN9A Sodium channel, voltage gated, type IX 
alpha subunit 

Sodium ion binding Fw GTTGATAACCCTGTGCCTGGA 250 

Rv CTTCAAAAGCCAGAGCACCAC 

EPSTI1 Epithelial stromal interaction 1 Tissue remodelling Fw AAACGACAGCAACAGGAGGAA 89 

Rv CCTTGGAGTCGGTCCAGAAAA 

IGFBP3 Insulin-like growth factor binding 
protein 3 

IGF-binding Fw GAGTCCAAGCGTGAGACAGAA 150 

Rv GCGGCACTGCTTTTTCTTGTA 

H2AFZ H2A histone family, member Z RNA polymerase II core promoter sequence-specific DNA 
binding 

Fw AGGACGACTAGCCATGGACGTGTG 209 

Rv CCACCACCAGCAATTGTAGCCTTG 

ACTG1 Actin gamma 1 Nucleotide binding, structural constituent of cytoskeleton, 
protein and ATP binding 

Fw GAGAAGCTCTGCTACGTCG 255 

Rv CCAGACAGCACCGTGTTGG 

NFE2L2 Nuclear factor, erythroid 2 like 2 Transcriptional activator activity and RNA polymerase II distal 
enhancer sequence-specific binding 

Fw GCTCAGCATGATGGACTTGGAG 390 

Rv GGGAATGTCTCTGCCAAAAGC 

PRELP Proline/arginine-rich end leucine-rich 
repeat protein 

Extracellular matrix structural constituent and protein binding Fw CAGCATCGAGAAAATCAATGGGA 158 

Rv AGCACATCATGAGGTCCAGC 

 



32 
 

11. Bibliography 
 

Abe, H., 1996. The mammalian oviductal epithelium: Regional variations in cytological 
and functional aspects of the oviductal secretory cells. Histology and 
Histopathology, 11(3), pp.743–768. 

Abe, H. & Hoshi, H., 1997. Bovine oviductal epithelial cells: their cell culture and 
applications in studies for reproductive biology. Cytotechnology, 23, pp.171–83. 
Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3449868&tool=pmc
entrez&rendertype=abstract. 

Al-Dossary, A.A., Strehler, E.E. & Martin-DeLeon, P.A., 2013. Expression and secretion 
of plasma membrane Ca2+-ATPase 4a (PMCA4a) during murine estrus: 
Association with oviductal exosomes and uptake in sperm. PLoS ONE, 8(11), pp.1–
14. 

Almiñana, C. et al., 2012. Early developing pig embryos mediate their own 
environment in the maternal tract. PLoS ONE, 7(3). 

Almiñana, C. et al., 2014. The battle of the sexes starts in the oviduct: modulation of 
oviductal transcriptome by X and Y-bearing spermatozoa. BMC Genomics, 15(1), 
p.293. Available at: http://www.biomedcentral.com/1471-2164/15/293. 

Amin, A. et al., 2014. Bovine embryo survival under oxidative-stress conditions is 
associated with activity of the NRF2-mediated oxidative-stress-response pathway. 
Molecular Reproduction and Development, 81(6), pp.497–513. 

Austin, C.R., 1951. Observations on the penetration of the sperm in the mammalian 
egg. Australian journal of scientific research. Ser. B: Biological sciences, 4(4), 
pp.581–596. 

Avilés, M., Coy, P. & Rizos, D., 2015. The oviduct : A key organ for the success of early 
reproductive events. Anim. Front., 5(1), pp.25–31. 

Avilés, M., Gutiérrez-Adán, A. & Coy, P., 2010. Oviductal secretions: Will they be key 
factors for the future ARTs? Molecular Human Reproduction, 16(12), pp.896–906. 

Bauersachs, S. et al., 2004. Monitoring gene expression changes in bovine oviduct 
epithelial cells during the oestrous cycle. Journal of Molecular Endocrinology, 
32(2), pp.449–466. 

Bavister, B.D. & Yanagimachi, 1977. The effects of sperm extracts and energy sources 
on the motility and acrosome reaction of hamster spermatozoa in vitro. Biology of 
reproduction, 16(2), pp.228–237. 

Bongso, A. & Fong, C.Y., 1993. The effect of coculture on human zygote development. 
Current opinion in obstetrics & gynecology, 5(5), pp.585–93. Available at: 



33 
 

http://www.ncbi.nlm.nih.gov/pubmed/8241433. 

Brackett, B.G. et al., 1982. Normal development following in vitro fertilization in the 
cow. Biology of Reproduction, 27(1), pp.147–158. 

Burns, G. et al., 2014. Extracellular vesicles in luminal fluid of the ovine uterus. PLoS 
ONE, 9(3). 

Carrasco, L.C. et al., 2008. Determination of glycosidase activity in porcine oviductal 
fluid at the different phases of the estrous cycle. Reproduction, 136(6), pp.833–
842. 

Carvalho, P.D. et al., 2014. Relationships between fertility and postpartum changes in 
body condition and body weight in lactating dairy cows. Journal of dairy science, 
97(6), pp.3666–83. Available at: 
http://www.sciencedirect.com/science/article/pii/S0022030214002847. 

Cerny, K.L. et al., 2015. A transcriptomal analysis of bovine oviductal epithelial cells 
collected during the follicular phase versus the luteal phase of the estrous cycle. 
Reproductive Biology and Endocrinology, 13(1), p.84. Available at: 
http://www.rbej.com/content/13/1/84. 

Chang, H.S. et al., 2000. Identification of genes expressed in the epithelium of porcine 
oviduct containing early embryos at various stages of development. Molecular 
Reproduction and Development, 56(3), pp.331–335. 

Chang, M.C., 1959. Fertilization of rabbit ova in vitro. Nature, 184, pp.466–467. 

Chang, M.C., 1951. Fertilizing capacity of spermatozoa deposited into the fallopian 
tubes. Nature, 168, pp.697–698. 

Cocucci, E., Racchetti, G. & Meldolesi, J., 2009. Shedding microvesicles: artefacts no 
more. Trends in Cell Biology, 19(2), pp.43–51. 

Cordova, A. et al., 2014. Development rate and gene expression of IVP bovine embryos 
cocultured with bovine oviduct epithelial cells at early or late stage of 
preimplantation development. Theriogenology, 81(9), pp.1163–1173. 

Coy, P. et al., 2012. Oocytes use the plasminogen-plasmin system to remove 
supernumerary spermatozoa. Human Reproduction, 27(7), pp.1985–1993. 

Coy, P. et al., 2008. Oviduct-specific glycoprotein and heparin modulate sperm-zona 
pellucida interaction during fertilization and contribute to the control of 
polyspermy. Proceedings of the National Academy of Sciences of the United States 
of America, 105(41), pp.15809–15814. 

Coy, P. et al., 2012. Roles of the oviduct in mammalian fertilization. Reproduction, 
144(6), pp.649–660. 

Diez, C., Fernandez, I. & Gomez, E., 1999. Different patterns of in vitro development in 



34 
 

bovine embryos cultured in serum-free bovine oviductal epithelial cell 
conditioned medium. In Proceedings 14th Meeting European Embryo Transfer 
Association, Venice. p. 146. 

Diskin, M.G., Murphy, J.J. & Sreenan, J.M., 2006. Embryo survival in dairy cows 
managed under pastoral conditions. Animal Reproduction Science, 96(3–4), 
pp.297–311. 

Diss, J.K.J. et al., 2008. Identification and characterization of the promoter region of 
the Nav1.7 voltage-gated sodium channel gene (SCN9A). Molecular and cellular 
neurosciences, 37(3), pp.537–47. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/18249135. 

Eisenbach, M. & Giojalas, L.C., 2006. Sperm guidance in mammals - an unpaved road to 
the egg. Nature reviews. Molecular cell biology, 7(4), pp.276–285. 

Eyestone, W.H. & First, N.L., 1989. Co-culture of early cattle embryos to the blastocyst 
stage with oviducal tissue or in conditioned medium. Reproduction, 85(2), 
pp.715–720. Available at: http://www.reproduction-
online.org/content/85/2/715.abstract. 

Eyestone, W.H., Jones, J.M. & First, N.L., 1991. Some factors affecting the efficacy of 
oviduct tissue-conditioned medium for the culture of early bovine embryos. 
Journal of reproduction and fertility, 92(1), pp.59–64. 

Fatehi, A.N. et al., 2016. Expression of bone morphogenetic protein2 (BMP2), BMP4 
and BMP receptors in the bovine ovary but absence of effects of BMP2 and BMP4 
during IVM on bovine oocyte nuclear maturation and subsequent embryo 
development. Theriogenology, 63(3), pp.872–889. Available at: 
http://dx.doi.org/10.1016/j.theriogenology.2004.05.013. 

Fazeli, A. & Pewsey, E., 2008. Maternal communication with gametes and embryos: A 
complex interactome. Briefings in Functional Genomics and Proteomics, 7(2), 
pp.111–118. 

Ferraz, M.A.M.M. et al., 2015. A novel 3-D culture system to study bovine oviduct 
physiology, gamete interaction and early embryo development. In Proceedings of 
the 31st Meeting of the European Embryo Transfer Association (AETE); Ghent, 
Belgium. p. 1. 

Forde, N. et al., 2011. Conceptus-induced changes in the endometrial transcriptome: 
how soon does the cow know she is pregnant? Biology of reproduction, 85(1), 
pp.144–156. 

Galina, C. & Valencia, J., 2009. Reproducción de Animales Domésticos 3rd ed. Limusa, 
ed., 

Gandolfi, F. & Moor, R.M., 1987. Stimulation of early embryonic development in the 
sheep by co-culture with oviduct epithelial cells. Journal of reproduction and 



35 
 

fertility, 81(February), pp.23–28. 

Geisert, R.D. & Bazer, F.W., 2015. Regulation of Implantation and Establishment of 
Pregnancy in Mammals, Springer. 

Georgiou, A.S. et al., 2007. Modulation of the oviductal environment by gametes. 
Journal of Proteome Research, 6(12), pp.4656–4666. 

Gordon, I., 2003. Laboratory production of cattle embryos 2nd edition, 

Guerin, B. et al., 1997. Sanitary risks related to embryo transfer in domestic species. In 
Theriogenology. pp. 33–42. 

Guillomot, M., 1995. Cellular interactions during implantation in domestic ruminants. 
Journal of reproduction and fertility. Supplement, 49, pp.39–51. 

Gutierrez-Adan,  a et al., 2001. Effect of the in vitro culture system on the kinetics of 
blastocyst development and sex ratio of bovine embryos. Theriogenology, 
55(0093–691X), pp.1117–1126. 

Hamdi, M. et al., 2015. Bovine oviduct epithelial cells: an in vitro model to study early 
embryo-maternal communication. Animal Reproduction, 12(3), p.798. 

Hasler, J.F. et al., 1995. Production, freezing and transfer of bovine IVF embryos and 
subsequent calving results. Theriogenology, 43(1), pp.141–152. 

Hata, A. et al., 1998. Smad6 inhibits BMP/Smad1 signaling by specifically competing 
with the Smad4 tumor suppressor. Genes and Development, 12(2), pp.186–197. 

Holm, P. et al., 1999. High bovine blastocyst development in a static in vitro production 
system using SOFaa medium supplemented with sodium citrate and myo-inositol 
with or without serum-proteins. Theriogenology, 52(4), pp.683–700. 

Hue, I., Degrelle, S.A. & Turenne, N., 2012. Conceptus elongation in cattle: Genes, 
models and questions. Animal Reproduction Science, 134(1–2), pp.19–28. 

Hunter, R.H.F. et al., 2011. Considerations of viscosity in the preliminaries to 
mammalian fertilisation. Journal of Assisted Reproduction and Genetics, 28(3), 
pp.191–197. 

Ireland, J.J., Murphee, R.L. & Coulson, P.B., 1980. Accuracy of predicting stages of 
bovine estrous cycle by gross appearance of the corpus luteum. Journal of Dairy 
Science, 63(1), pp.155–160. 

Iritani, K. & Niwa,  a, 1977. Capacitation of bull spermatozoa and fertilization in vitro of 
cattle follicular oocytes matured in culture. J Reprod Fertil ., p.50(1): 119-21. 

Kim, E. et al., 2008. Sperm penetration through cumulus mass and zona pellucida. 
International Journal of Developmental Biology, 52(5–6), pp.677–682. 



36 
 

Klein, C. et al., 2006. Monozygotic twin model reveals novel embryo-induced 
transcriptome changes of bovine endometrium in the preattachment period. 
Biology of reproduction, 74(2), pp.253–264. 

Kodithuwakku, S.P., Miyamoto, A. & Wijayagunawardane, M.P.B., 2007. Spermatozoa 
stimulate prostaglandin synthesis and secretion in bovine oviductial epithelial 
cells. Reproduction, 133(6), pp.1087–1094. Available at: <Go to 
ISI>://000248507900003. 

Kölle, S. et al., 2002. Growth hormone inhibits apoptosis in in vitro produced bovine 
embryos. Molecular Reproduction and Development, 61(2), pp.180–186. 

Kono, K., Tamashiro, D.A.A. & Alarcon, V.B., 2014. Inhibition of RHO-ROCK signaling 
enhances ICM and suppresses TE characteristics through activation of Hippo 
signaling in the mouse blastocyst. Developmental biology, 394(1), pp.142–155. 

Laeno, A.M. a, Tamashiro, D.A. a & Alarcon, V.B., 2013. Rho-associated kinase activity 
is required for proper morphogenesis of the inner cell mass in the mouse 
blastocyst. Biology of reproduction, 89(5), p.122. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/23946538. 

Lee, K.-F. et al., 2002. Early developing embryos affect the gene expression patterns in 
the mouse oviduct. Biochemical and biophysical research communications, 292, 
pp.564–570. 

Leese, H.J., 1988. The formation and function of oviduct fluid. Journal of reproduction 
and fertility, 82, pp.843–856. 

Lonergan, P., Rizos, D., Gutiérrez-Adán,  a, et al., 2003. Effect of culture environment 
on embryo quality and gene expression - experience from animal studies. 
Reproductive biomedicine online, 7(6), pp.657–663. 

Lonergan, P. et al., 2006. Effect of culture environment on gene expression and 
developmental characteristics in IVF-derived embryos. Theriogenology, 65(1), 
pp.137–152. 

Lonergan, P. et al., 1994. Effect of follicle size on bovine oocyte quality and 
developmental competence following maturation, fertilization, and culture in 
vitro. Molecular Reproduction and Development, 37(1), pp.48–53. 

Lonergan, P., Rizos, D., Gutierrez-Adán,  a, et al., 2003. Temporal divergence in the 
pattern of messenger RNA expression in bovine embryos cultured from the zygote 
to blastocyst stage in vitro or in vivo. Biology of reproduction, 69(4), pp.1424–
1431. 

Lonergan, P. & Fair, T., 2008. In vitro-produced bovine embryos: dealing with the 
warts. Theriogenology, 69(1), pp.17–22. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/17950823. 



37 
 

de Loos, F. et al., 1989. Morphology of immature bovine oocytes. Gamete Res, 24, 
pp.197–204. 

Lopera-Vasquez, R., Hamdi, M., et al., 2016. 99 EXTRACELLULAR VESICLES OF BOVINE 
OVIDUCTAL FLUID MODIFY THE GENE EXPRESSION ON BOVINE IN VITRO-DERIVED. 
Reproduction Fertility and Development, 28 (2)(January), p.179. 

Lopera-Vasquez, R., Hamdi, M., et al., 2016. Extracellular Vesicles from BOEC in In Vitro 
Embryo Development and Quality. PLoS ONE, 11(2). 

Lu, K. et al., 1988. Birth of twins after transfer of cattle embryos produced by in vitro 
techniques. Veterinary Record, 122, pp.539–540. 

Maeda, J. et al., 1996. In vitro development of bovine embryos in conditioned media 
from bovine granulosa cells and vero cells cultured in exogenous protein- and 
amino acid-free chemically defined human tubal fluid medium. Biology of 
reproduction, 54(4), pp.930–6. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/8924514. 

Maillo, V. et al., 2012. Influence of lactation on metabolic characteristics and embryo 
development in postpartum Holstein dairy cows. Journal of dairy science, 95(7), 
pp.3865–76. Available at: http://www.ncbi.nlm.nih.gov/pubmed/22720941. 

Maillo, V., Vasquez, R.L., et al., 2016. Maternal-embryo interaction in the bovine 
oviduct: evidence from in vivo and in vitro studies. Theriogenology, 86(1), pp.443–
450. Available at: 
http://linkinghub.elsevier.com/retrieve/pii/S0093691X16300991. 

Maillo, V., Sánchez-Calabuig, M.J., et al., 2016. Oviductal response to gametes and 
early embryos in mammals. Reproduction (Cambridge, England), 152(4), pp.R127-
41. Available at: http://www.ncbi.nlm.nih.gov/pubmed/27512123. 

Maillo, V. et al., 2015. Oviduct-Embryo Interactions in Cattle: Two-Way Traffic or a 
One-Way Street? Biology of Reproduction, 92(6), pp.144–144. Available at: 
http://www.biolreprod.org/cgi/doi/10.1095/biolreprod.115.127969. 

Menezo, Y. & Guerin, P., 2016. The mammalian oviduct: biochemistry and physiology. 
European Journal of Obstetrics and Gynecology and Reproductive Biology, 73(1), 
pp.99–104. Available at: http://dx.doi.org/10.1016/S0301-2115(97)02729-2. 

Mermillod, P. et al., 2010. Early development of ruminant embryos, autonomous 
process or the result of a positive dialog with surrounding maternal tissues? Acta 
Scientiae Veterinariae, 38(SUPPL. 2), pp.521–534. 

Minami, N., Utsumi, K. & Iritani, A., 1992. Effects of low molecular weight oviductal 
factors on the development of mouse one-cell embryos in vitro. Journal of 
reproduction and fertility, 96(2), pp.735–45. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/1339853. 



38 
 

Mondéjar, I. et al., 2012. Fertilization outcome could be regulated by binding of 
oviductal plasminogen to oocytes and by releasing of plasminogen activators 
during interplay between gametes. Fertility and Sterility, 97(2). 

Mondéjar, I. et al., 2013. Identification of potential oviductal factors responsible for 
zona pellucida hardening and monospermy during fertilization in mammals. 
Biology of reproduction, 89(3), p.67. Available at: 
http://www.ncbi.nlm.nih.gov/pubmed/23863406. 

Muñoz, M. et al., 2012. Proteome of the early embryo-maternal dialogue in the cattle 
uterus. Journal of Proteome Research, 11(2), pp.751–766. 

Muro, Y. et al., 2016. Behavior of Mouse Spermatozoa in the Female Reproductive 
Tract from Soon after Mating to the Beginning of Fertilization. Biology of 
Reproduction, 94(4), pp.80–80. Available at: 
http://www.biolreprod.org/cgi/doi/10.1095/biolreprod.115.135368. 

Nielsen, H. et al., 2002. Identification of EPSTI1, a novel gene induced by epithelial-
stromal interaction in human breast cancer. Genomics, 79(5), pp.703–710. 
Available at: 
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dop
t=Citation&list_uids=11991720. 

Orihuela, P.A. et al., 2003. Estrogen Receptor, Cyclic Adenosine Monophosphate, and 
Protein Kinase A Are Involved in the Nongenomic Pathway by Which Estradiol 
Accelerates Oviductal Oocyte Transport in Cyclic Rats. Biology of Reproduction, 
68(4), pp.1225–1231. Available at: 
http://www.biolreprod.org/cgi/doi/10.1095/biolreprod.102.011395. 

Palasz, A.T. et al., 2006. Effects of hyaluronan, BSA, and serum on bovine embryo in 
vitro development, ultrastructure, and gene expression patterns. Molecular 
Reproduction and Development, 73(12), pp.1503–1511. 

Parrish, J.J. et al., 1986. Bovine in vitro fertilization with frozen-thawed semen. 
Theriogenology, 25(4), pp.591–600. 

Parrish, J.J., Susko-Parrish, J.L. & First, N.L., 1985. Effect of heparin and chondroitin 
sulfate on the acrosome reaction and fertility of bovine sperm in vitro. 
Theriogenology, 24(5), pp.537–549. 

Plourde, D. et al., 2012. Cellular and molecular characterization of the impact of 
laboratory setup on bovine in vitro embryo production. Theriogenology, 77(9). 

Pontes, J.H.F. et al., 2009. Comparison of embryo yield and pregnancy rate between in 
vivo and in vitro methods in the same Nelore (Bos indicus) donor cows. 
Theriogenology, 71(4), pp.690–697. 

Publicover, S., Harper, C. V & Barratt, C., 2007. [Ca2+]i signalling in sperm--making the 
most of what you’ve got. Nature cell biology, 9(3), pp.235–42. 



39 
 

Pushpakumara, P.G.A. et al., 2002. Expression of the insulin-like growth factor (IGF) 
system in the bovine oviduct at oestrus and during early pregnancy. Reproduction 
(Cambridge, England), 123(6), pp.859–68. 

Quill, T. a et al., 2003. Hyperactivated sperm motility driven by CatSper2 is required for 
fertilization. Proceedings of the National Academy of Sciences of the United States 
of America, 100(25), pp.14869–74. Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=299835&tool=pmce
ntrez&rendertype=abstract. 

Ran, Q. et al., 2004. Transgenic mice overexpressing glutathione peroxidase 4 are 
protected against oxidative stress-induced apoptosis. The Journal of biological 
chemistry, 279(53), pp.55137–55146. 

Raposo, G. et al., 1996. B lymphocytes secrete antigen-presenting vesicles. The Journal 
of experimental medicine, 183(3), pp.1161–72. Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2192324&tool=pmc
entrez&rendertype=abstract. 

Raposo, G. & Stoorvogel, W., 2013. Extracellular vesicles: Exosomes, microvesicles, and 
friends. Journal of Cell Biology, 200(4), pp.373–383. 

Rizos, D. et al., 2002. Consequences of bovine oocyte maturation, fertilization or early 
embryo development in vitro versus in vivo: Implications for blastocyst yield and 
blastocyst quality. Molecular Reproduction and Development, 61(2), pp.234–248. 

Rizos, D. et al., 2008. Consequences of in vitro culture conditions on embryo 
development and quality. Reproduction in domestic animals = Zuchthygiene, 43 
Suppl 4, pp.44–50. Available at: http://www.ncbi.nlm.nih.gov/pubmed/18803756. 

Rizos, D. et al., 2007. Development and pattern of mRNA relative abundance of bovine 
embryos cultured in the isolated mouse oviduct in organ culture. Molecular 
Reproduction and Development, 74(6), pp.716–723. 

Rottmayer, R. et al., 2006. A bovine oviduct epithelial cell suspension culture system 
suitable for studying embryo-maternal interactions: Morphological and functional 
characterization. Reproduction, 132(4), pp.637–648. 

Saeki, K., 1991. In vitro fertilization and development of bovine oocytes matured in 
serum-free medium. Biology of Reproduction, 44(2), pp.256–260. Available at: 
http://www.biolreprod.org/cgi/doi/10.1095/biolreprod44.2.256. 

Samardzija, M. et al., 2006. A comparison of BoviPure?? and Percoll?? on bull sperm 
separation protocols for IVF. Animal Reproduction Science, 91(3–4), pp.237–247. 

Schmaltz-Panneau, B. et al., 2014. Early bovine embryos regulate oviduct epithelial cell 
gene expression during in vitro co-culture. Animal Reproduction Science, 149(3–
4), pp.103–116. 



40 
 

Schmittgen, T.D. & Livak, K.J., 2008. Analyzing real-time PCR data by the comparative 
C(T) method. Nature Protocols, 3(6), pp.1101–1108. 

Schultz, R.M. et al., 1999. Reprogramming of gene expression during preimplantation 
development. Journal of Experimental Zoology, 285(3), pp.276–282. 

Senger, P., 2005. Pathways to Pregnancy and Parturition, 

Seytanoglu, A. et al., 2008. Oviductal cell proteome alterations during the reproductive 
cycle in pigs. Journal of Proteome Research, 7(7), pp.2825–2833. 

Sohel, M.M.H. et al., 2013. Exosomal and non-exosomal transport of extra-cellular 
microRNAs in follicular fluid: Implications for bovine oocyte developmental 
competence. PLoS ONE, 8(11). 

Van Soom, A. et al., 2010. Modeling the interaction of gametes and embryos with the 
maternal genital tract: From in vivo to in silico. Theriogenology, 73(6), pp.828–
837. 

Spencer, T., 2004. Conceptus signals for establishment and maintenance of pregnancy. 
Animal Reproduction Science, 15, pp.1–15. 

Spencer, T.E. et al., 2007. Fetal-maternal interactions during establishment of 
pregnancy in ruminants. Society of Reproduction and Fertility supplement, 64, 
pp.379–96. 

La Spina, F.A. et al., 2016. Mouse sperm begin to undergo acrosomal exocytosis in the 
upper isthmus of the oviduct. Developmental Biology, 411(2), pp.172–182. 

Stojkovic, M. et al., 2002. Effect of high concentrations of hyaluronan in culture 
medium on development and survival rates of fresh and frozen-thawed bovine 
embryos produced in vitro. Reproduction, 124(1), pp.141–153. 

Suarez, S.S., 2008a. Control of hyperactivation in sperm. Human Reproduction Update, 
14(6), pp.647–657. 

Suarez, S.S., 2008b. Regulation of sperm storage and movement in the mammalian 
oviduct. International Journal of Developmental Biology, 52(5–6), pp.455–462. 

Suarez, S.S., Varosi, S.M. & Dai, X., 1993. Intracellular calcium increases with 
hyperactivation in intact, moving hamster sperm and oscillates with the flagellar 
beat cycle. Proceedings of the National Academy of Sciences of the United States 
of America, 90(10), pp.4660–4. Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=46572&tool=pmcent
rez&rendertype=abstract. 

Talevi, R. & Gualtieri, R., 2010. Molecules involved in sperm-oviduct adhesion and 
release. Theriogenology, 73(6), pp.796–801. 

Tervit, H.R., Whittingham, D.G. & Rowson, L.E., 1972. Successful culture in vitro of 



41 
 

sheep and cattle ova. Journal of reproduction and fertility, 30(3), pp.493–497. 

Théry, C., 2011. Exosomes: secreted vesicles and intercellular communications. F1000 
biology reports, 3, p.15. Available at: 
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3155154&tool=pmc
entrez&rendertype=abstract. 

Thibodeaux, J. et al., 1992. The use of image analysis to evaluate the development of 
uterine and oviduct epithelial cells during in vitro culture. A potential quality 
assurance procedure for in vitro laboratories. Arch Pathol Lab Med., 116(4), 
pp.444–8. 

Tse, P.K. et al., 2008. Preimplantation embryos cooperate with oviductal cells to 
produce embryotrophic inactivated complement-3b. Endocrinology, 149(3), 
pp.1268–1276. 

Ulbrich, S.E. et al., 2010. In vitro systems for intercepting early embryo-maternal cross-
talk in the bovine oviduct. Theriogenology, 73(6), pp.802–816. 

Vansteenbrugge, A. et al., 1994. In vitro development of bovine embryos in Buffalo rat 
liver- or bovine oviduct-conditioned medium. Theriogenology, 42(6), pp.931–940. 

Walter, I., 1995. Culture of bovine oviduct epithelial cells (BOEC). Anatomical Record, 
243(3), pp.347–356. 

Wessel, T., Schuchter, U. & Walt, H., 2004. Ciliary motility in bovine oviducts for 
sensing rapid non-genomic reactions upon exposure to progesterone. Hormone 
and Metabolic Research, 36(3), pp.136–141. 

Wolf, E. et al., 2003. Embryo-maternal communication in bovine - Strategies for 
deciphering a complex cross-talk. In Reproduction in Domestic Animals. pp. 276–
289. 

Wrenzycki, C. et al., 2005. Epigenetic reprogramming throughout preimplantation 
development and consequences for assisted reproductive technologies. Birth 
Defects Research Part C - Embryo Today: Reviews, 75(1), pp.1–9. 

Yaniz, J.L. et al., 2000. Study of the functional anatomy of bovine oviductal mucosa. 
Anatomical Record, 260(3), pp.268–278. 

Yao, N. et al., 2009. Expression of interferon-tau mRNA in bovine embryos derived 
from different procedures. Reproduction in Domestic Animals, 44(1), pp.132–139. 

Young, L.E., Sinclair, K.D. & Wilmut, I., 1998. Large offspring syndrome in cattle and 
sheep. Reviews of reproduction, 3, pp.155–163. 

 

 


