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RESUMO 

 

O oviduto desempenha diversas funções até a formação do embrião, como 

maturação e transporte final dos gametas, processo de fertilização, transporte do 

embrião e desenvolvimento inicial do embrião. No entanto, nenhuma dessas 

etapas precisa ocorrer obrigatoriamente no oviduto. A capacidade de desenvolver 

embriões até o estágio de blastocisto sem qualquer contato com o trato 

reprodutivo materno gerou a hipótese de que o oviduto seria secundário e não 

essencial no estágio inicial da vida. Hoje, no entanto, é amplamente conhecido 

que a interação embrião-oviduto, ou interação com produtos de células ovidutais, 

pode impactar o embrião de diferentes maneiras, especialmente em relação às 

características epigenéticas, metabolismo e vários marcadores de qualidade. Para 

reconectar o embrião em desenvolvimento às células ovidutais (OC), muitas 

abordagens artificiais foram delineadas. Nesta tese, investigamos as CO diante de 

duas dessas abordagens: os protocolos de superestimulação ovariana (SOV) e a 

cocultura in vitro de embrião-CO. No primeiro estudo, as vacas foram submetidas 

à: i) protocolo SOV apenas com hormônio folículo-estimulante (FSH), ii) protocolo 

SOV usando FSH com gonadotrofina coriônica equina (eCG), ou iii) ovulação 

única por sincronização hormonal. O uso de protocolos SOV permite o 

desenvolvimento de múltiplos embriões dentro do oviduto, possibilitando a 

interação dos embriões com as CO. Este primeiro estudo demonstrou que as CO 

de vacas submetidas à SOV com FSH + eCG apresentam níveis mais elevados de 

estradiol, que também modulou a expressão gênica de genes relacionados ao 

processo de fertilização. Em seguida, esse perfil hormonal foi aplicado em um 

sistema de cultivo in vitro de OC. As CO podem ser cultivadas para aplicação em 

sistema de cocultura com embriões, o que permite que o embrião produzido in 

vitro interaja com as CO. A cultura de OC ainda não possui protocolo padrão ouro. 

Portanto, para analisar o efeito dos diferentes perfis hormonais obtidos como 

resultado do primeiro estudo, foi necessário incluir outra variação no segundo 

estudo: diferentes perfis hormonais x CO coletadas em diferentes fases do ciclo 

estral. Ao analisar os dados obtidos na análise de RNAseq, após o cultivo in vitro, 

as OC coletadas durante a fase folicular apresentam um perfil de transcriptoma 

muito diferente do perfil das células coletadas na fase lútea, caso nenhum 

tratamento hormonal for aplicado. Porém, quando altos níveis de estradiol são 

aplicados na cultura in vitro dessas células, o perfil do transcriptoma das CO torna-

se muito semelhante, independentemente do ciclo estral em que as CO foram 

coletadas. Em conclusão, essas duas abordagens artificiais para possibilitar a 

interação dos embriões com o oviduto modulam as CO em função dos perfis 

hormonais. Portanto, o perfil hormonal é um fator importante a ser considerado 

nas estratégias para estabelecer a interação de embriões e células ovidutais.  
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ABSTRACT 

 

The oviduct plays many roles in the embryo formation, as gametes final maturation 
and transport, fertilization process, embryo transport, and embryo early 
development. However, none of these steps need to occur in the oviduct 
mandatorily. The ability to develop embryos up to the blastocyst stage without any 
contact with the maternal reproductive tract hypothesized that the oviduct would be 
minor and inessential at the early stage of life. Today, however, it is widely known 
that the embryo-oviduct interaction, or interaction with oviductal cells’ products, can 
impact the embryo in different ways, especially regarding epigenetic 
characteristics, metabolism, and several quality markers. To reconnect the embryo 
in development to the oviductal cells (OC), many artificial approaches have been 
designed. In this thesis, we investigated the OC from two of these approaches: the 
ovarian superstimulation protocols (OVS) and the embryo-OC in vitro coculture. In 
the first study, cows were submitted to: i) OVS protocol only with follicle-stimulating 
hormone (FSH), ii) OVS protocol using FSH with equine chorionic gonadotrophin 
(eCG), or iii) single ovulation by hormone synchronization. The use of OVS 
protocols allows the development of multiples embryos inside the oviduct, making 
possible the interaction of the embryos with the OC. This first study demonstrated 
that OC from cows submitted to OVS using FSH+eCG has higher levels of 
estradiol, which also modulated gene expression of genes related to the 
fertilization process. Next, this hormone profile was applied in an in vitro culture 
system of OC. The OC can be cultured for application in a coculture system with 
embryos, which enable the in vitro produced embryo to interact with the OC. The 
culture of OC has still no gold standard protocol. Therefore, to analyze the effect of 
different hormone profiles obtained as a result of the first study, it was necessary to 
include another variation in the second study: different hormone profiles x OC 
collected in a different phase of the estrous cycle. When analyzing the data 
obtained from the RNAseq analysis, after in vitro culture, OC collected during the 
follicular phase presents a very different transcriptome profile than cells collected 
during the luteal phase, if no hormone treatment is applied. However, when high 
levels of estradiol are applied in the in vitro culture, the transcriptome profile of the 
OC become very similar to each other, independently of the estrous cycle when 
OC was collected. In conclusion, these two artificial approaches to enable the 
interaction of embryos with the oviduct modulate the OC depending on the 
hormone levels presented. Therefore, the hormone profile is an important factor to 
be considered in strategies to establish the interaction of embryos and oviductal 
cells.   
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INTRODUCTION 

 

After reproductive biotechnologies have been developed, exponential 

growth was observed in embryo production numbers. Currently, the total number of 

bovine embryos produced by in vitro and in vivo techniques exceeds 1.5 million per 

year worldwide. Associated with numerical expansion, many studies investigate 

how to improve embryo quality and increase the chance of establishing a 

successful pregnancy after embryo transfer. The oviduct is the organ responsible 

for establishing a suitable microenvironment for the final oocyte maturation, sperm 

reserve formation and capacitation, fertilization, gamete/embryo transport, and 

initial embryo development. Although the interaction with the oviduct does not 

impede bovine embryo formation and initial development, when the embryo is in 

natural circumstances with oviduct cells, its quality is unquestionably superior. 

Thus, the improvement of embryonic quality and consequently increasing 

pregnancy success may lie in the interaction of the embryo with oviduct cells, or 

oviductal cells products. To provide this embryo-oviduct contact, several artificial 

methods have been developed and are constantly evolving. A general selection of 

these methods is presented in Chapter 1. This literature review addresses the 

main in vivo and in vitro methods available for providing interaction between the 

embryo and the oviduct, their limitations, and perspectives.  

Superovulation protocol is one of these methods. Although cattle are 

monovulatory animals, hormonal treatments stimulate multiple follicle growth and 

ovulation, enabling the formation and development of several embryos in the 

oviduct lumen. This interaction with the oviduct is very beneficial to these embryos, 

although their quality is still inferior when compared to embryos produced from 

single ovulation. The cause of this inferior embryonic quality may be multifactorial, 

and changes in oviductal cells can be one of them. In Chapter 2, oviduct tissues 

were evaluated after cows had been treated with two ovarian superstimulation 

protocols and one synchronization protocol for single ovulation. The oviducts were 

evaluated one day before ovulation, to understand the effects of the protocols 

without interference from the gametes/embryos presence. Cows submitted to the 
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ovarian superstimulation protocols, specifically treated with follicle-stimulating 

hormone associated with equine chorionic gonadotropin, had their oviducts with 

higher estradiol levels and modulation on transcription levels of genes related to 

the fertilization process in the oviduct.  

In Chapter 3, another method that provides interaction between the embryo 

and the oviduct was studied, in this case, an approach for embryos produced in 

vitro. During the in vitro culture of embryos, it is possible to establish a coculture 

system with oviductal cells. Currently, compartmentalized culture systems are 

more efficient at this task, as it provides cellular nutrition through the basolateral 

segment, which mimics blood nutrition in oviductal cells and cell apical region free 

of culture medium, which mimics the organ lumen. In these compartmentalized 

systems, it is possible to place embryos in the zygote stage in the apical 

compartment to develop in contact with oviductal cells. At the same time, it is 

possible to modulate the culture medium in the basolateral compartment to mimic 

blood supply. This modulation, especially with hormonal treatments, is not yet fully 

established. For this reason, in Chapter 3 the data from the analysis of the culture 

of bovine oviduct epithelial cells submitted to hormonal treatments in a 

compartmentalized system is present. It was observed that treatment with high 

levels of estradiol seems to be the major modulator of transcription in oviductal 

cells and more importantly, the results suggest that the moment of the estrous 

cycle when the cells are obtained for later in vitro culture is an essential aspect that 

should be considered for the cultivation of bovine oviduct epithelial cells. Finally, in 

Chapter 4, the final considerations of the findings of these studies are presented. 
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─ LITERATURE REVIEW ─ 

 

1. THE OVIDUCT 

 

The oviduct is an organ responsible for providing a suitable microenvironment 

from gametes‟ final maturation until initial embryo development. The main events 

that occur in the oviduct are shown in Figure 1 [1]. To be able to develop all these 

functions, the oviduct presents a distinct morphology and anatomy. Three distinct 

segments are identified in the oviduct: infundibulum, ampulla, and isthmus, 

respectively, the part closest to the ovary, the medial segment, and the part closest 

to the uterus. In between these segments are the ampulla-isthmic junction and the 

utero-tubal junction, which are the transitions parts [2]. Dynamic morphological and 

functional changes are observed in all these segments, mainly orchestrated by 

steroid hormones estradiol and progesterone (reviewed by [3]). The synchronism 

of the oviductal events needs to be present to ensure successful embryo formation, 

followed by transportation in a coordinated relationship with the uterus receptivity 

(Figure 1, [4]). 

The oviduct's most external structure consists of tunica serosa (not shown in 

the figure 1), followed by the muscular cells organized in longitudinal and circular 

layers, which are almost inexistent in the infundibulum segment, and become 

progressively thicker from the ampulla toward the isthmus, where the muscular 

layer is observed as the thickest (Figure 1, [2]). The internal layer is the mucosa, 

composed mainly of ciliated and secretory cells (Figure 1) and organized in folds 

arrangements specific to each oviductal segment [2].  
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2. ROLE OF THE OVIDUCT IN EARLY EMBRYO DEVELOPMENT 

 

The most-reported way that oviductal cells interact with the embryo is through 

the oviductal fluid [5]. The oviductal fluid is generated by (i) transudation from 

plasma into the oviductal lumen together with (ii) the secretion of substances 

synthesized by the secretory cells [6]. The oviductal cells and oviductal fluid affect 

the early embryo development in many ways, for instance, the epigenetic 

regulation [7-9], lipid content [10], transcriptome regulation, and ultrastructure 

(reviewed by [11]). 

 

Figure 1: Schematic view of oviduct functions and its segments. In chronological 
order, the primary roles of the oviduct are: (1) formation of sperm reservoir in the 
isthmus that prolongs the sperm viability until the ovulation and regulates 
polyspermy; (2) Cumulus-oocyte complex pick-up by the infundibulum and forward 
it into the ampulla tubular segment; (3) sperm release from the isthmus and sperm 
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transportation toward the oocyte, which is also associated to sperm capacitation 
and hyperactivation; (4) promotion of suitable environment for gametes interaction 
and fertilization in the ampulla; (5) promotion of suitable environment for early 
embryo development along with embryo transportation into the uterus; (6) 
management of embryo migration (delay until the uterus is suitable to accomplish 
further embryo development). Note that the isthmus is proximal to the uterus, the 
ampulla is the medial segment, and the infundibulum is proximal to the ovary. The 
muscular layer (red cells) is almost inexistent in the infundibulum segment and 
becomes progressively thicker from the ampulla toward the isthmus, while ciliated 
(pink cells) and secretory (purple cells) cells are present in the mucosa of all three 
segments. 

 

Because of the oviduct's benefits for early embryo development, many 

artificial techniques have been developed to assist the embryo with these oviduct 

goods. Artificial reproductive technologies have been applied to make the oviduct 

available in in vivo conditions for the embryo. In vitro techniques have been applied 

to mimic the embryos' interaction with oviductal epithelial cells or with the oviductal 

cells products (e.g., oviductal fluid). In the next sections, cattle's primary artificial 

approaches to connect the embryo to the oviduct are addressed. Additionally, the 

limitations of these approaches and possibilities for improvement are also 

described.   

 

3. ARTIFICIAL IN VIVO APPROACHES TO SUPPLY EMBRYO WITH 

OVIDUCT GOODS 

 

Artificial in vivo approaches are defined here to develop the embryo inside the 

oviduct lumen of an alive animal. Two techniques are described below: ovarian 

superstimulation protocols and transfer of zygote into the oviduct of intra- and inter-

species.  
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3.1. OVARIAN SUPERSTIMULATION PROTOCOLS 

Since the first ovarian superstimulation protocol was performed in cattle in 

1943 by Casida and collaborators (reviewed by [12]), superstimulation methods 

have been submitted to a process of improvement mainly by applying different 

hormones and evaluating different arranges. Due to a greater understanding of 

follicular wave dynamics and synchronization of the estrus, current ovarian 

superstimulation protocols can be initiated at any moment of the estrous cycle 

stage and admit artificial insemination in a fixed time, which makes these protocols 

independent of animal estrous behavior detection and more comfortable to perform 

(Reviewed by [13]). In monovulatory species, including cattle, the ovarian 

superstimulatory protocol is a way to produce many embryos per estrous cycle 

from a specific animal, named donor. These embryos can be collected by 

nonsurgical methods and transferred into the uterus of cows named recipients. 

The collection/transfer process is usually executed between days 6-8 after 

estrus, which means that all the events since gametes transport until the early 

embryo development occur in the lumen of the oviduct of donors‟ cows. In other 

words, the period of early embryo development is assisted by the environment 

produced by the oviduct cells and all the previous steps, for instance, sperm 

capacitation, final oocyte maturation, and fertilization. Because of this, the embryos 

produced by ovarian superstimulation protocols are named in vivo-derived 

embryos. Gad and collaborators [14] observed a lower quality in embryos 

produced by ovarian superstimulation  protocols than non-stimulated single-

ovulating heifers; Havlicek and collaborators [15], on the other hand, demonstrated 

a superior quality of  superstimulation-derived embryos compared to in vitro-
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derived embryos.  Therefore, embryos' production by ovarian superstimulation 

protocols is a successful artificial approach to guarantee the benefits of oviductal 

goods for the embryo (Figure 2A).   

 

3.2. ZYGOTE TRANSFER TO OVIDUCT OF INTRA- AND INTER-

SPECIES  

The technique applied before establishing in vitro embryo production, the 

transfer of one/two-cell embryos into the oviduct of rabbits [16] or sheep [17], 

successfully produced the firsts live calf after in vitro oocyte maturation followed by 

in vitro fertilization. Nowadays, the procedure of transferring one/two-cells embryos 

into the oviduct of other species (heterologous) or same species (homologous) 

guarantees the association of the benefits of in vitro maturation and fertilization 

(almost unlimited source of oocytes from slaughterhouse and necessity of much 

less semen per batch, respectively) to the benefit of the oviduct environment for 

early embryo development. In particular, the culture of in vitro-derived bovine 

zygotes in the oviducts of sheep [18-20] or cattle [15,21,22] significantly improves 

the quality of the resulting blastocysts. Even though this is a laborious technique 

that requires experienced professionals and animal management, this approach 

also guarantees the benefits of oviductal goods for the embryo (Figure 2B).   
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Figure 2: Artificial approaches to establish interaction between embryo and 
oviduct. (A) ovarian superstimulation protocol; (B) inter-species zygote transfer; (C) 
embryo developing in synthetic oviduct fluid (SOF); (D) embryo-oviductal cells co-
culture in the 2D system, note the dedifferentiation of oviductal cells in this system; 
(E) embryo-oviductal cells co-culture in suspended vesicle system, note the 
maintenance of oviductal cells morphology in this system; (F) embryo-oviductal 
cells co-culture in the 3D system (static), note the maintenance of oviductal cells 
morphology in this system, associated to the compartmentalized system with 
basolateral medium feeding the oviductal cells, an embryo in the apical part of the 
oviductal cells; (G) embryo developing in SOF medium supplemented with 
oviductal fluid and oviductal fluid products (e.g., extracellular vesicles).  In the 
center of the scheme, the stages (from zygote until 16-cell embryo) of embryo 
development occur in the oviduct (represented by a histological image from a 
section of bovine oviduct ampulla stained with hematoxylin & eosin) are indicated.  
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4. ARTIFICIAL IN VITRO APPROACHES TO SUPPLY EMBRYO 

WITH OVIDUCT GOODS 

 

Bovine embryos can develop until blastocyst stage entirely out of any animal 

organism, called in vitro-derived blastocyst. Even though in vitro-derived embryos 

are not placed in the lumen of the organ, different in vitro approaches can also 

guarantee the assistance of oviduct goods to the embryo, as described in this 

section.  

 

4.1. SYNTHETIC OVIDUCTAL FLUID 

The first calves produced entirely through in vitro procedure, including oocyte 

maturation, fertilization, and culture, were born in 1987 as a result of the work of Lu 

and collaborators (reviewed by [12]). The biggest challenge to establish the 

conditions for in vitro culture was the barrier to pass the 8-16 cell blockage in 

bovine embryos. The blockage is in vitro-derived bovine embryos was overcome 

by the development of a synthetic medium formulated based on the compounds of 

the oviductal fluid [23], named Synthetic Oviductal Fluid (SOF, [24]), which is still 

the media currently in use for embryo production. 

In a way, the SOF medium could be classified as the most “artificial” 

approach to mimic the oviductal condition since it is cell- and cell product-free and 

formulated by synthetic biochemical compounds only. Embryo development until 

the blastocyst stage can be achieved in a wholly defined condition, supplementing 

SOF medium with polyvinyl alcohol (PVA) to avoid the embryos' stickiness to the 

petri dish [25,26]. However, the most common conditions for in vitro culture of 
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bovine embryos are semi-defined or non-defined media by adding, respectively, 

Bovine Serum Albumin (BSA) and Fetal Bovine Serum (FBS) for improvement on 

rates of development [25,26]. 

Beyond the presence of BSA and/or FBS in the culture medium, several 

studies evaluate the effect of adding different compounds into the SOF medium to 

improve embryo development. Studies have been adding the most expected 

modulators, for instance, Oviductal Glycoprotein 1 (OVGP1), the specific protein 

secreted by oviductal cells and present in the oviductal fluid during in vivo embryo 

development [27], until unnatural pharmacological interventions to modulate 

specific pathways, as the addition of sildenafil to modulate the embryo lipid 

metabolism [28]. Between them, a huge number and amount of types of 

investigations are performed aimed to improve bovine embryo development. 

However, this information is not the scope of this review. 

Additionally, an investigation of the SOF biochemical composition per se has 

also been done. Defined in 1972 based on oviductal sheep fluid, this pioneer and 

still most used SOF medium was compared to a novel SOF formulation based on 

bovine oviductal fluid and supported by more precise detection methods currently 

available [29], as a result, the novel SOF proved to be more efficient for bovine 

embryo development than the sheep-based one [30]. Altogether, the definition of 

biochemical SOF composition and its supplementation is still ongoing and can 

represent a good approach to guarantee the benefits of oviductal goods for the 

embryo (Figure 2C).   
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4.2. OVIDUCT EPITHELIAL CELL 2D CULTURE SYSTEM  

Before the successful development of the SOF medium, embryos were in 

vitro cultured with an oviductal epithelium cell (OEC) monolayer in a co-culture 

system to be able to pass the 8-16 cell blockage in bovine embryos [31,32]. Over 

the last few years, the application of co-culture systems with OEC is used to 

provide a better approximation of the in vitro-produced embryo with the maternal 

environment. On the same line, the monolayer culture of bovine OEC (BOEC) has 

been characterized [33], and the co-culture system with in vitro-derived embryo 

has improved the blastocyst rate [34] and embryo quality [35]. However, the co-

culture system's beneficial effect has been shown to be independent of oviductal 

cell activity. Embryos co-cultured with cumulus cells [36] or non-reproductive tract 

cells (Buffalo Rat Liver and Vero Cells, [37]) have showed a positive effect for in 

vitro embryo cultivation.   

When BOEC is cultured in monolayer 2D systems, some limitations need to 

be considered. First of all, a singular culture medium is used for both somatic and 

embryonic cells due to the sharing space conditions of the culture system, which 

most of the time represent suboptimal conditions for the development of OEC, 

embryo, or both. Additionally, the most critical limitation of the 2D system is the 

OEC dedifferentiation, which consists of the loss of morphologic characteristics 

and functional activity, including reduction of cell height, loss of cilia, loss of 

secretory granules, and loss of bulbous protrusions [37]. Therefore, the co-culture 

system of embryos with BOECs as 2D monolayer culture might not represent the 

best maternal environment conditions since it loses the capacity to secrete 

embryotrophic substances. It also might explain the lack of specialized oviductal 
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actions of OECs submitted to the co-culture system compared to other cells (e.g., 

cumulus cells or even non-reproductive tract cells). The cellular dedifferentiation of 

OEC generates an environment not related to the oviductal conditions anymore, 

which exposes the embryo to general benefits comparable to any other co-culture 

system, for instance, reducing harmful free oxygen radicals by lower the oxygen 

levels [36,37].  

Although co-culture embryos with 2D monolayer oviduct cells are not the ideal 

system, the 2D culture system may be a suitable method for studying specific or 

individual factors related to embryo-maternal interaction and as a pre-experimental 

application (Figure 2D). 

 

4.3. SUSPENDED VESICLES OF OVIDUCT EPITHELIAL CELLS 

In situations where OEC is submitted to a short-term (24 hours) culture, the 

cell attachment to the petri dish's bottom can be avoided. These cells flow in the 

medium aggregate to each other and form structures named „vesicles‟ or 'explants.' 

The morphology of the cellular surface of these structures is highly similar to 

oviduct epithelium in vivo, which keeps the intact cilia, secretory activity, and the 

ultrastructural characteristics of the tissue, including cell organelles, such as basal 

bodies, secretory vacuoles, mitochondria, and cell polarity during the 24 hours of 

culture [38]. Even though the culture period of suspended vesicles is relatively 

short, this system supports the maintenance of 3D cellular morphology and cellular 

activity similar to in vivo conditions, which makes it a useful approach to establish a 

co-culture system and possibly assist the embryo development with the oviductal 

goods (Figure 2E).   
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4.4. OVIDUCT EPITHELIAL CELL 3D CULTURE SYSTEM 

Another system to culture OECs as a monolayer has been demonstrated to 

retain columnar epithelial cell morphology's polarity. Because of that, this system is 

called the '3D culture system'. This method is composed of a porous membrane 

that divides the system culture into compartments, or chambers. Within this 

compartmentalized system, it is possible to apply differential culture media for the 

somatic cells (OEC) and embryonic cells (from 1-cell embryo until blastocyst). Most 

importantly, the cells present the apical-basolateral polarity, ciliation, secretory 

activity, and responsiveness to steroid treatment for long-term cultivation (for at 

least six weeks, reviewed by [39]). Many studies have characterized BOEC 

cultured in this system, demonstrating a highly in vivo similarity of these in vitro 

cells submitted to the 3D culture system.  

Two differential 3D culture systems have been used for BOEC culture. The 

first one is a transwell insert, where BOECs are cultured under static conditions. In 

this system, cells are seeded directly onto the porous membrane's apical surface 

for a monolayer formation. Once a confluent cell layer is reached, the medium from 

the apical compartment can be removed, leaving the basolateral compartment's 

medium to nurture the BOECs. At this point, this culture is called the air-liquid 

interface (ALI-BOEC), referring to the medium-free condition in the apical part and 

medium-presence in the basolateral part [40,41]. The apical medium-free part and 

cells receiving their nutrition by the basal surface are crucial for the maintenance of 

cell polarity and cellular differentiation in this system. The second mechanism 

concerns a microfluidic system developed by Ferraz and collaborators [7], called 

„oviduct-on-a-chip.' This system uses the same principle as the transwell insert. 
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However, the basolateral compartment has holes for inlets and outlets that allow a 

dynamic culture system, with continuous or pulsatile perfusion of culture media in 

the basolateral part [7].  

Both static and microfluidic systems allow manipulating the medium in the 

basolateral compartment, allowing nutritional blood circulation stimulation and/or 

the introduction of exogenous factors (e.g., steroid hormones). Another similarity of 

this system to the in vivo condition has been demonstrated by the production of 

some oviduct fluid surrogate (also called 'in vitro-derived oviduct fluid‟) in the apical 

compartment, mimicking the production of oviductal fluid in the luminal region of 

the oviduct [40,41].  

Finally, the capacity to support embryo development has been demonstrated 

in both 3D culture systems. In the static system, in vitro-derived bovine zygotes 

have been placed within the apical compartment of transwell inserts and developed 

until blastocyst stage with no other medium, only in the presence of oviduct fluid 

surrogate [40]. In the microfluidic system, bovine in vitro-matured oocytes have 

been fertilized and cultured until the 16-cell stage in the apical compartment of the 

oviduct-on-a-chip [7]. Even though embryos could develop until the blastocyst 

stage in the static system, the production yield and embryo quality were, 

respectively, inferior and similar to the standard in vitro embryo production [42]. On 

the other hand, embryos produced in the oviduct-on-a-chip presented a high-

quality similarity compared to in vivo-derived embryos [7]; however, no bovine 

blastocyst formation has been demonstrated in this system up until now.  

Thus, it is unquestionable that the culture of oviductal epithelial cells in the 3D 

system is a great approach to mimic the in vivo conditions for the early embryo 
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development (Figure 2F), and more studies will be able to improve and expand the 

application of these culture systems. 

 

4.5. OVIDUCTAL FLUID AND OVIDUCTAL FLUID FRACTIONS 

The oviductal fluid is how oviductal cells reach the embryo during their first 

days of development in in vivo conditions. Because of this, the addition of oviductal 

fluid into the SOF medium is an excellent approach to positively modulate embryo 

development [8]. Similarly, extracellular vesicles isolated from the oviductal fluid 

content have also promoted embryo development improvement [43,44]. 

Extracellular vesicles are formed by a phospholipid bilayer and secreted by 

different cell types, including oviduct epithelial cells. They act by modulating 

intercellular communication and carry bioactive molecules, such as proteins, lipids, 

mRNA, and microRNA (reviewed by [45]). Interestingly, extracellular vesicles 

isolated from in vitro culture of bovine oviduct epithelial cells also demonstrated to 

be beneficial for the embryo development when added into the SOF medium [43]. 

Therefore, the addition of oviductal fluid or oviductal fluid fractions (i.e., 

extracellular vesicles) in vivo- or in vitro-derived into the SOF medium is a feasible 

approach to mimic the oviductal microenvironment in the in vitro production of 

bovine embryos (Figure 2G). 

 

5. IS THERE SPACE TO IMPROVEMENT FOR THESE 

APPROACHES? 

 

5.1. IN VITRO CULTURE SYSTEMS NEED STANDARDIZATION 
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The cultivation of OEC has a complex methodology, especially concerning its 

ability to maintain cells in their differentiated state and actively functional. 

Considering that these cells are modulated by hormone activity, an ideal in vitro 

oviduct model should at least allow the possibility to mimic the hormonal changes 

that occur during the estrous cycle stages [39].  

Independent of the BOEC in vitro culture system (2D, 3D, or suspended 

vesicles), a large methodological variability is present between studies, suggesting 

that a gold-standard method has still not been established. Moreover, this 

variability makes the works difficult to compare. The main variables factors 

between studies about in vitro culture of BOEC have been listed in table 1.  

Eventually, the 3D systems are more suitable for the cell morphology 

maintenance compared to the 2D system (see information above). Associated with 

that, factors listed in table 1 should be considered when developing or refining an 

in vitro oviduct model. Most importantly, the methodology should be very well 

described in scientific articles to better comprehend the results and better compare 

different studies. Therefore, the standardization of BOEC in vitro culture should be 

the aim of researches developed in this field to improve the application of BOEC in 

co-culture systems with embryos in development. 

 

Table 1: Aspects variables between studies about in vitro culture of BOEC  

Animal source reference 

Synchronized [38] 

Slaughterhouse [7,34,35,41,42,46-59] 

Cell harvesting technique reference 

Trypsin [41-43,46,48,50,53] 

Collagenase [42,50] 

Pancreatin [41,46] 

Mechanical [7,34,35,38,41,43,47-49,51-59] 
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Oviduct segment of cell harvesting reference 

Ampulla [38] 

Isthmus [56,57] 

Entirely tubular oviduct [7,35,41-43,46-50,53,55,58,59] 

Not specified, probably the entirely oviduct [34,51,52,54] 

Stage of the estrous cycle of cell harvesting reference 

Follicular/Pre-ovulatory [46,48,49,58] 

Post-ovulatory/Metestrus/Early-luteal phase [35,38,49,54-58] 

Mid-luteal phase [41,43,49] 

Late-luteal phase [49] 

Luteal phase (not specified which one) [42,46,50] 

Not specified [7,34,47,51-53,59] 

Oviduct side of cell harvesting reference 

Ipsilateral (closer to CL or pre-ovulatory 
follicle) 

[35,43,46,54,58] 

Both (ipsilateral and contralateral) [38,42,49-52] 

Not specified, probably both oviducts [7,34,41,47,48,53,55-57,59] 

Epithelial cell culture purity reference 

Differential adhesion time [7,41,47,48,51-53] 

Epithelial cell marker evaluation [34,35,38,41-43,48-50,54-59] 

Culture system reference 

2D [34,35,43,46-49,51,53-59] 

3D – static [38,41-43,50-52,54,55] 

3D – microfluidic [7,47] 

Suspended vesicles [38,55] 

Cultured of cell from individual animal or 
pool 

reference 

Pool [7,34,35,41,43,46,48,53-59] 

Individual Animal [38,42,47,49-52] 

Type of cultured related to passage number reference 

Primary cell culture [7,34,35,38,41-43,46,47,49-52,54-59] 

Passage [46,48,49,53,59] 

Culture media base reference 

DMEM/F12 [7,35,41,42,46,47,49-52,55] 

TCM199 [34,38,48,51-54,56,58] 

DMEM [43,50] 

Ham‟s 10 [59] 

SOF [43,57] 

Main supplementation in the culture media reference 

Fetal bovine serum [7,34,35,41-43,46,48-59] 

Bovine serum albumin [41,47,51,52,55] 

Epidermal Growth Factor [7,42,47,51-53] 

Apo-transferrin [7,42,47,51,52] 

Insulin [7,42,47,50-52] 

Gentamicin [7,34,38,47,49-52,56,58] 

Penicillin/Streptomycin [35,41-43,46,48-50,55] 

Amphotericin B [7,35,41,42,47,49-52,55,56] 

Hydrocortisone [47,51,52] 

Epinephrine [47,51,52] 
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trans-retinoic acid [7,42,47-49,51,52] 

bovine pituitary extract [42,47,51,52] 

tri-iodothyronine [47,51,52] 

Fungizone [46] 

Glucose [43,49] 

L-Glutamine [41,43] 

Bronchial epithelial cell basal medium [51,52] 

Glutathione [7,50] 

Newborn Calf Serum [55] 

Ascorbic acid [50] 

Pyruvate [43] 

Hormone supplementation reference 

Estradiol [7,38,41,46,48,50,53,59] 

Progesterone [7,38,41,48,53] 

Testosterone [41] 

LH [48] 

 

5.2. EFFECTS OF OVARIAN SUPERSTIMULATION PROTOCOLS ON 

OVIDUCT CELLS NEED TO BE BETTER EVALUATE  

As mentioned above, the oviductal functions are performed in a refined 

chronological sequence. In normal conditions, sperm starts the reservoir formation 

a few minutes after ejaculation and remains in the isthmus segment until ovulation. 

Around 24 hours after LH-peak, the cumulus-oocyte complex is ovulated and 

transported into the oviduct's tubular segment. As soon as the oocyte arrives in the 

ampulla, the sperm become hyperactivated and are released from the oviductal 

epithelium. Next, the oocyte is penetrated by the spermatozoa minutes up to few 

hours after ovulation, and an embryo is transported into the uterus within the first 

cellular cleavages taking place in the oviduct lumen [60].  

In cows submitted to ovarian superstimulation protocol, ovulation can occur 

between 24-33 hours after LH-peak, which results in 4-12 hours of ovulatory 

process duration [60]. This massive difference between the ovulation of the first 

and the last cumulus-oocyte complex cause a significant asynchrony between 
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embryo formation and oviductal functions. The main complication is related to 

sperm release and hypercapacitation, which occurs in the moment of the first 

ovulation, impairing the fertilization of later ovulated oocytes [61]. However, this is 

not the only problem. Rodrıguez-Alonso and collaborators [4] recently 

demonstrated that the transfer of in vitro-produced embryos (Day 1 of 

development) into asynchrony ahead status oviducts (Day 3 after ovulation) has a 

negative effect on embryo development compared to synchronized conditions (Day 

1 embryo transferred into Day 1 oviduct). Even though the hormonal milieu in this 

study is not similar to ovarian superstimulation conditions, the presence of embryos 

in asynchrony circumstances is comparable. Talking about the hormonal milieu, 

the supra-physiological progesterone levels, associated with multiples Corpus 

Luteum formation after multiple ovulations, have been related to impaired embryo 

development [14]. All this information makes evident that there is space for 

improvement on ovarian superstimulation protocol design.   

Impressive results were observed by lengthening the superstimulatory 

treatment from the traditional 4-day protocol to 7 days of follicle‐stimulating 

hormone (FSH) treatment, without increasing the total amount of FSH 

administered. This long-protocol increased the synchrony of ovulations and the 

number of transferable embryos produced [62,63]. The increase in ovulation 

synchrony and higher transferable embryo production can be, respectively, the 

cause and consequence of oviduct performance: more cumulus-oocyte complex 

arriving at the same time in the oviduct lumen (cause) would benefit from a suitable 

oviductal microenvironment during gametes interaction and embryo formation, 

which increase the production of transferable embryos (consequence).   
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Another strategy that should be considered to improve the yield and quality of 

embryos produced by ovarian superstimulation is the evaluation of hormonal milieu 

induced by each protocol. The post-ovulatory period has been associated to the 

deleterious effect of supra-physiological levels of progesterone [14]; however, the 

estrus phase is less investigated. Santos and collaborators [64] reported differing 

estradiol levels in animals submitted to ovarian superstimulation protocol with FSH-

only compared to FSH combined with equine chorionic gonadotropin (eCG). Higher 

estradiol levels have been positively associated with oviduct fluid secretion [65], 

which means that this differential hormone milieu between protocols should be 

more explored to investigate which one is the most beneficial for embryo 

development. 

Altogether, the use of ovarian superstimulation protocol is a practicable 

technique and an interesting artificial approach to guarantee early embryo 

development under in vivo conditions; however, this method also has limitations on 

its application. Lastly, it is essential to keep in mind: albeit the quality of 

superstimulation-derived embryo is inferior to a single-ovulation-derived embryo, 

the quality of superstimulation-derived embryos is superior compared to in vitro-

derived embryo [15], demonstrating the benefits of the superstimulatory protocols 

and motivating for improvement on this field.  

 

6. EFFECT OF STEROID HORMONES IN THE OVIDUCT CELLS: IN VIVO 

AND IN VITRO 
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The effects of steroid hormones, estradiol and progesterone, have been 

described in muscles and epithelial cells of the oviduct [66]. In cattle, the nuclear 

receptors of both hormones have been immunolocalized in all these cells during all 

stages of the estrous cycle [67]. Interestingly, there is a variation of expression of 

these receptors during the estrous cycle stages, demonstrating the existence of a 

control system related to steroid hormones activity in the oviduct depending on 

hormone levels, and this control system is related to the orchestration of the roles 

performed by the oviduct.   

In concern to embryo development, the effect of steroid hormones in the 

epithelial cells has a greater interesting, mainly the effect of the estradiol. Higher 

levels of estradiol is present in the peri-ovulatory period, and this higher levels of 

estradiol is correlated to higher secretion of oviductal fluid, as observed in cows 

submitted to cannulation procedure [68]. On the other hand, during the luteal 

phase, moment of higher levels of progesterone, the oviductal fluid secretion was 

reduced [68]. Even though each cycle stage has different hormone predominance 

profile, the estradiol and progesterone are not unique in each moment. To ensure 

the specific effect of estradiol and progesterone, McDaniel and collaborators [69] 

performed the investigation in ovariectomized cows. In the absence of the ovaries 

(the main source of estradiol and progesterone production in cyclic animals), the 

steroid hormones were separately administrated by injections. As result, this study 

demonstrated that indeed the estradiol is responsible for the presence of largest 

amount of mucoprotein in the oviduct, while the smallest amounts were observed 

in progesterone-treated animals [69]. 
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Besides the effect on oviductal fluid secretion, steroid hormones also act on 

regulating many others parameters in the oviduct under in vivo conditions, such us, 

transcription profile [70-72], proteomic profile [73], and extracellular vesicles 

content [74]. However, these studies have been performed under in vivo 

conditions; more specifically, ex-vivo condition (which means that the animal needs 

to be slaughtered for sample collection) has an important bias to be considered: 

the information obtained from samples collected during the follicular phase of the 

estrous cycle can be caused by the raise of estradiol levels or the falling (almost 

absence) of progesterone levels. In accordance with that, a study developed within 

porcine oviduct cells submitted to in vitro culture with different hormone treatment 

conditions demonstrated that the main alteration in oviduct cells transcription 

activity during follicular phase is due to the decrease of progesterone levels, and 

not due to increase levels of estradiol [75]. The modulation of hormone levels and 

different hormone profiles treatment are easier to be performed in in vitro 

conditions, reinforcing the importance and necessity of in vitro culture models for 

epithelial oviduct cells.  

Even though in vitro culture models have the advantage of a controlled 

hormone levels treatment, they also have some general disadvantages related to 

in vitro conditions, such us the cellular senescence, lack of reproducibility, and lack 

of the organ architecture. Moreover, each in vitro culture model has also others 

specific disadvantages, such us the cell de-differentiation in 2-D culture systems, 

static systems for culture media in most of the systems, and complexity 

methodology in microfluidic system. Even with these limitations, bovine oviduct 

epithelial cells have been cultured in in vitro conditions under simulation of estrous 
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cycle hormone milieu with satisfactory results of cells response to hormone 

treatment [7], demonstrating that in vitro culture models can be used to study the 

effect of steroid hormone in the oviduct cells.    

  

7. THE NECESSITY OF THESE APPROACHES 

 

The achievement of in vitro embryo production technique has been one of the 

most remarkable events of the Artificial Reproduction Technique (ART). Since 

then, research has been performed, and notable improvement has already been 

reached (reviewed by [76,77]). However, there are still unresolved drawbacks that 

limit a more comprehensive implementation of embryo transfer technology, 

especially the relatively low pregnancy rate. As we move towards the present, the 

communication between the embryo and maternal environment has been shown to 

be an essential target to improve embryo quality, and consequently, its capacity to 

establish a pregnancy. 

Indeed, the animal independence for embryo production accomplished by in 

vitro techniques and the development of multiple offspring at once from the desired 

animal achieved by ovarian superstimulation protocols made immensurable 

progress on the reproduction field possible. After this period of detachment from 

the physiological maternal reproductive tract, it seems that now is the era of finding 

a way to reconnect. Some approaches have been presented herein, and as 

observed, there is a place for their improvement and also a place for the 

development of new approaches. Therefore, to those who are looking for places for 

the next journey, these are some addresses that you can visit.   
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Abstract 

In the bovine oviduct, estradiol (E2) stimulates secretion and cell proliferation, whereas 

progesterone (P4) suppresses them. In this study, we have evaluated the effect of two 

superstimulatory protocols (follicle‐stimulating hormone [FSH] or FSH combined with 

equine chorionic gonadotropin [eCG]) on the oviductal levels of E2 and P4 and its 

outcome on oviductal cells. Compared with the control group (a single pre‐ovulatory 

follicle), we have observed that the cows submitted to FSH/eCG treatment showed a 

higher concentration of E2 in the oviduct tissue, together with a higher abundance of 

messenger RNA encoding steroid receptors (ESR1 and progesterone receptor), and 

genes linked to gamete interactions and regulation of polyspermy (oviduct‐specific 

glycoprotein 1, heat‐shock protein family A member 5, α‐L‐fucosidase 1 [FUCA1], and 

FUCA2) in the infundibulum and ampulla segments of the oviduct. However, we did not 

observe any modulation of gene expression in the isthmus segment. Even though the 

FSH protocol upregulated some of the genes analyzed, we may infer that the steady 

effect of FSH combined with eCG on oviduct regulation might benefit fertilization and 

may potentially increase pregnancy rates. 

 

Key words: gametes, female reproductive tract, cattle, superovulation, steroids, gene 

expression 
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1. Introduction 

 The oviduct is responsible for transporting gametes to the site of fertilization and 

embryos to the uterus (Besenfelder, Havlicek, & Brem, 2012; Suarez & Pacey, 2006; 

Talbot, Geiske, & Knoll, 1999). Additionally, the oviductal fluid plays a major role in the 

final maturation of gametes, gamete interactions, fertilization, and early embryo 

development (Besenfelder et al., 2012; Coy, García-Vázquez, Visconti, & Avilés, 2012). 

All these functions are performed by the segments of the oviduct (infundibulum, 

ampulla, and isthmus), which undergoes significant morphological, biochemical, and 

physiological changes during the estrous cycle in cows (Binelli, Gonella-Diaza, 

Mesquita, & Membrive, 2018). 

The steroid hormones, estradiol (E2) and progesterone (P4), are the main 

factors controlling changes in the oviduct (Binelli et al., 2018). Temporal changes in 

steroid concentrations during the estrous cycle induce modulation of the oviductal 

transcriptional profile (Bauersachs et al., 2004; Binelli et al., 2018; Cerny, Garrett, 

Walton, Anderson, & Bridges, 2015). In general, E2 activity is associated with the 

stimulation of oviductal secretory cells, and cell proliferation, whereas P4 exhibits a 

suppressive effect (Binelli et al., 2018; Gonella-Diaza et al., 2017). A detrimental effect 

of supra-physiological P4 concentrations in the female reproductive tract as a result of 

ovarian superstimulation (OVS) protocols has been reported in cows (Forde et al., 

2012; Gad et al., 2011; Roque et al., 2013). Recently, Santos et al. (2018) reported 

higher plasma levels of E2 during the pre-ovulatory phase in cows submitted to the 

OVS protocol using FSH with equine chorionic gonadotropin (eCG; FSH/eCG protocol) 

as compared to the control cows (single ovulation). Based on the general role of 

steroids in the oviduct, we hypothesized that the cows submitted to the OVS protocol 

show higher levels of E2 and that the genes involved in bovine oviductal functions can 

be stimulated in these cows. 

 The aim of this study was to evaluate E2 levels in cows submitted to OVS 

protocols during the pre-ovulatory stage. However, rather than evaluating plasma E2 
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levels, we measured local oviductal E2 levels as the latter is expected to be higher than 

the former (Lamy, Liere, et al., 2016; Wijayagunawardane et al., 1998). This suggests 

that the local oviductal hormone measurement may be a more reliable indicator of the 

effect of E2 on oviductal cells. Additionally, we have also assessed the transcript 

abundance of steroid receptors and genes related to gamete interactions and 

regulation of polyspermy in the oviduct segments. 

 

2. Results 

 

2.1. Direct effects of hormones from the OVS protocols on the oviduct 

Thirty Nelore cows were equally divided into three experimental groups: cows 

submitted to OVS with FSH protocol (n = 10), cows submitted to OVS with FSH 

associated with eCG (which has a dual effect on FSH and LH receptors, n = 10), and 

hormonally synchronized cows (control, n = 10). First, we investigated the potential 

direct effects of the gonadotropins used in the OVS protocols on the oviductal cells. 

Detection of mRNA was carried out individually for each of the oviduct segment 

(infundibulum, ampulla, and isthmus). The mRNA abundance of gonadotropin 

receptors (FSHR and LHCGR) in all the bovine oviduct samples was highly variable 

with low concentration levels or undetectable, and, therefore, could not be analyzed. 

This was true for all the experimental groups, resulting in no difference among 

treatments.   

 

2.2. Effects of the OVS protocols on sex steroid hormones 

Although the gonadotropins have been reported to modulate some processes of 

oviductal cells cultured in vitro (Li et al., 2014; Wijayagunawardane, Kodithuwakku, DE 

Silva, & Miyamoto, 2009; Wijayagunawardane, Kodithuwakku, Yamamoto, & 

Miyamoto, 2005; Wijayagunawardane et al., 2001), E2 and P4 are the main regulators 

of oviductal functions and modifications (Binelli et al., 2018). Therefore, we have 
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quantified steroid hormone concentrations in the follicular fluid, the major source of E2 

and P4. The E2 concentration in the follicular fluid of pre-ovulatory follicles was higher 

in cows submitted to the FSH/eCG protocol (n = 10 follicles, one follicle per cow) than 

in the control group (n = 9 follicles, one follicle per cow; Figure 1A). P4 concentration 

did not vary among the groups (Figure 1C).  

To further investigate the effect of sex steroid hormones on oviductal cells, we 

measured the hormonal levels in oviduct cell homogenates. Higher E2 concentrations 

were observed in the oviducts of cows submitted to the FSH/eCG protocol (n = 5) when 

compared with the control group (n = 5; Figure 1B), as was the case with the follicular 

fluid. Again, no differences in P4 concentration were observed among the groups 

(Figure 1C). To evaluate the capacity of oviductal cells to produce E2, we analyzed the 

transcript levels of aromatase (CYP19A1), which codes for the enzyme that catalyzes 

the last step in E2 biosynthesis. CYP19A1 mRNA was not detected in any of the 

oviductal segments, confirming that E2 is not produced by oviductal cells. 

To further understand the key roles of steroids in the bovine oviduct, we 

investigated the expression levels of mRNA encoding the steroid receptors ESR1, 

ESR2, and PGR. In summary, we found higher levels of ESR1 in the ampulla of cows 

submitted to the FSH/eCG protocol (n = 4), relative to the control group (n = 5; Figure 

1D, Table S1), as well as higher levels of PGR in the infundibulum and ampulla of cows 

submitted to both the OVS treatments relative to the control group (Figure 1D, Table 

S1).  
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Figure 1. Sex steroid parameters in the superstimulated groups (FSH and 
FSH/eCG) and the control group (single pre-ovulatory follicle). A) E2 levels in the 
follicular fluid (n = 9 follicles in the control group; n = 10 follicles in each OVS group). B) 
E2 levels in the oviduct (n = 5 oviduct/group). C) P4 levels in the follicular fluid and 
oviduct samples. All hormonal measurements are presented as fold change compared 
to the control group ± standard error of the mean. D) Sex steroid receptor transcripts 
abundance (ESR1, ESR2, and PGR) in the infundibulum, ampulla, and isthmus from 
control (n = 5), FSH (n = 5), and FSH/eCG (n = 4) groups. Transcript abundance data 
are presented as mean of the relative mRNA levels (target gene/geometric mean of 
reference genes [18S and H2A]). Different letters (A, B) indicate significant differences 
(p < 0.05) between the groups. [E2]: estradiol concentration; [P4]: progesterone 
concentration; INF: infundibulum; AMP: ampulla; IST: isthmus. 
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2.3. Effects of the OVS protocols on the abundance of genes related to 

fertilization 

Finally, we have investigated whether the increase in E2 levels in the cows 

submitted to FSH/eCG protocol was involved in oviductal functionality by quantifying 

the abundance of genes related to fertilization. The composition of the oviductal fluid is 

complex (Pillai, Weber, Phinney, & Selvaraj, 2017) and can be differently regulated 

during the estrous cycle stages (Lamy, Labas, et al., 2016). Some of the factors, such 

as Oviduct-specific glycoprotein 1 (OVGP1), heat-shock protein family A member 5 

(HSPA5), and alpha-L-fucosidase (FUCA) have been reported to become highly 

abundant as the time of ovulation approaches (Bauersachs et al., 2004; Buhi, 2002a; 

Carrasco, Romar, Aviles, Gadea, & Coy, 2008; Lamy, Labas, et al., 2016).         

We have found that all the four genes – OVGP1, HSPA5, FUCA1, and FUCA2 

–were up-regulated in the infundibulum and ampulla of cows submitted to the 

FSH/eCG protocol (n = 4) relative to the control group (n = 5; Figure 2, Table S1). In 

the cows submitted to the FSH treatment (n = 5), OVGP1 mRNA levels in the 

infundibulum and ampulla and HSPA5 mRNA levels in the ampulla were higher relative 

to the control group (Figure 2, Table S1). The treatments did not have any effects on 

the transcript levels in the isthmus.   

 

3. Discussion 

  

In the present study, we investigated the effect of two OVS protocols on bovine 

oviductal cells. The use of eCG in combination with FSH during the OVS protocol 

resulted in a considerable increase in local E2 concentration, and the effect appeared 

to be segment-specific in the bovine oviduct, with an increase in the mRNA abundance 

of the steroid receptors (ESR1 and PGR) and genes related to gamete interaction and 

fertilization (OVGP1, HSPA5, FUCA1, and FUCA2). In contrast, P4 concentration was 

similar among the different groups, as demonstrated in other studies that measured the 
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P4 levels during the pre-ovulatory stage (Dias, Khan, Sirard, Adams, & Singh, 2013; 

Lamy, Liere, et al., 2016; Wijayagunawardane et al., 1998). 

 

 

Figure 2. Transcript abundance of the genes related to gamete interactions and 
the fertilization process. Transcript abundance of A) OVGP1, B) HSPA5, C) FUCA1, 
and D) FUCA2 in the infundibulum, ampulla, and isthmus segments from all the three 
treatments. Data are presented as mean of the relative mRNA levels (target 
gene/geometric mean of reference genes [18S and H2A]). Different letters (A, B) 
indicate a significant difference (p < 0.05) between groups: control (n = 5, circle), FSH 
(n = 5, square), and FSH/eCG (n = 4, triangle). INF: infundibulum; AMP: ampulla; IST: 
isthmus. 
 

Follicle development is correlated to an FSH surge (Adams, Matteri, Kastelic, 

Ko, & Ginther, 1992; Fortune, 1994). During follicular deviation in cattle, the decreasing 

FSH levels and the inhibitory factors released from the dominant follicle inhibit 

acquisition of ovulatory capacity in the next follicle (Wiltbank, Fricke, Sangsritavong, 
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Sartori, & Ginther, 2000). Based on this, treatment with FSH and/or eCG (which 

stimulates both the LH and FSH receptors (Murphy & Martinuk, 1991)) has been 

adopted in several OVS protocols because of their capacity to stimulate follicle 

development until the follicles acquire ovulatory capacity. To assess the possible direct 

effect of the gonadotropins used for the induction of multiple ovulations, we evaluated 

the transcript abundance of gonadotropin receptors (FSHR and LHCGR) in the oviduct 

of cows submitted or not submitted to the FSH or FSH/eCG protocols. In the present 

study, both the receptors showed variable or undetectable expression in many 

samples, suggesting that there is no potential direct contribution of FSH and eCG to 

bovine oviductal cells during the pre-ovulatory period in cattle.  

Several studies have shown a possible role for LH in the bovine oviduct related 

to its stimulatory effect on oviductal contraction mediated by the vascular endothelial 

growth factor (Wijayagunawardane et al., 2005), angiotensin (Wijayagunawardane et 

al., 2009), and prostaglandins pathways (Wijayagunawardane, Choi, et al., 1999; 

Wijayagunawardane, Miyamoto, & Sato, 1999; Wijayagunawardane et al., 2001) as 

well as the secretion of oviductal glycoprotein (Sun, Lei, & Rao, 1997). Moreover, there 

are reports of detection of LHCGR and FSHR transcripts and their modulation by 

growth factors in the bovine oviduct (Li et al., 2014). However, all the information is 

based on in vitro epithelial cell culture samples. In contrast, LHR and FSHR proteins 

are well described in mice (Zhang, Shi, Segaloff, Van Voorhis, & Zheng, 2001), pigs 

(Gawronska, Paukku, Huhtaniemi, Wasowicz, & Ziecik, 1999; Małysz-Cymborska & 

Andronowska, 2016), sheep (Wang, Zhang, Gao, & Wang, 2012), and humans (Zheng, 

Magid, Kramer, & Chen, 1996). Therefore, to understand their function, the bovine LHR 

and FSHR transcripts and proteins should be further characterized in situ in oviductal 

cells, including splice variants. 

Several studies have investigated the role of steroid hormones as major 

regulators of oviductal functions (Bauersachs et al., 2004; Binelli et al., 2018; Lamy, 

Labas, et al., 2016). Santos et al. (2018) recently reported higher plasma levels of E2 
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during the pre-ovulatory phase in cows submitted to the FSH/eCG protocol relative to 

control animals (single ovulation). Together, these data encouraged us to investigate 

the effect of OVS protocols in the oviductal cells. However, instead of evaluating E2 

plasma levels, we measured its local oviductal concentrations, as measuring the local 

oviductal hormone levels may be a more reliable way to evaluate the effect of E2 on 

oviductal cells. The local concentrations of steroid hormones in the bovine oviduct can 

be ten to fifty-folds higher than the concentrations found in the circulating blood (Lamy, 

Liere, et al., 2016; Wijayagunawardane et al., 1998) due to local countercurrent 

transfer of ovarian products (including the transfer of steroids to the oviduct) (Einer-

Jensen & Hunter, 2005; Zervomanolakis et al., 2009), resulting in distinction between 

ipsilateral and contralateral oviducts in monovulatory animals (Lamy, Liere, et al., 2016; 

Wijayagunawardane et al., 1998). In our study, the oviductal levels of E2 were higher in 

the cows submitted to the FSH/eCG protocol relative to the control group. 

Corroborating previous hypothesis that oviductal hormone levels may be influenced by 

the local countercurrent system (Einer-Jensen & Hunter, 2005; Zervomanolakis et al., 

2009), in this study, E2 levels in the follicular fluid were also found to be higher in cows 

submitted to the FSH/eCG protocol relative to the animals from the control group.  

Besides countercurrent system, local synthesis of steroids by the oviductal 

tissue is another mechanism postulated to control the levels of E2 in the oviduct. In 

agreement with this, the presence of steroidogenic enzymes, including aromatase (that 

irreversibly converts androgens into estrogens (Grumbach & Auchus, 1999)), has been 

detected in the oviduct of frog (Kobayashi, Zimniski, & Smalley, 1996), mare (Nelis et 

al., 2016), and pig (Martyniak, Franczak, & Kotwica, 2018). However, to date, the 

presence of aromatase in the bovine oviduct has not been reported. Similar to the 

reports of Ulbrich et al. (2003), aromatase transcripts were not detected in the oviductal 

samples from any experimental group in our study, suggesting that there is no local E2 

synthesis in cattle.  
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Steroid hormones exert their effects through their intracellular receptors via a 

classical mechanism involving members of the nuclear receptor superfamily, namely 

estrogen receptor α and β (ERα and ERβ) and the progesterone receptor (PR), which 

are transcribed from three genes: ESR1, ESR2, and PGR, respectively (Binelli et al., 

2018). E2 stimulation up-regulated only ESR1 and PGR but not ESR2 (Kowalik, 

Martyniak, Rekawiecki, & Kotwica, 2016; Lee & Gorski, 1996, 1998; Ulbrich et al., 

2003). In agreement with this, variation in ESR2 levels was not observed among the 

different groups, whereas higher levels of ESR1 and PGR were detected in the 

oviducts of cows submitted to the FSH/eCG protocol than to the control group, 

potentially due to increased oviductal levels of E2. This effect was shown in the 

infundibulum (PGR) and ampulla (ESR1 and PGR), but not in the isthmus, 

demonstrating the specificity of each segment of the oviduct. 

The oviduct plays specific roles in gamete maturation, fertilization, and early 

embryo development, where the oviductal fluid has a pivotal function. The oviductal 

fluid has a complex composition (Lamy, Labas, et al., 2016; Pillai et al., 2017) 

consisting mainly of plasma transudate and derivatives from the secretory epithelium 

(Leese, 1988). Some proteins produced by the oviductal cells have been reported to 

regulate gamete interactions and fertilization. The stimulatory effect of E2 on oviduct 

fluid secretion (Ghersevich, Massa, & Zumoffen, 2015) results in the production of the 

greatest volume of fluid by the oviduct during estrus (Killian, 2011). Proteins like 

OVGP1, HSPA5 (also known as GRP78), FUCA1, and FUCA2 have been associated 

with spermatozoa and/or the cumulus-oocyte complex (Boilard et al., 2004; Coy et al., 

2008; Phopin, Nimlamool, Bartlett, & Bean, 2012; Phopin et al., 2013), acting on 

polyspermy control by hardening the zona pellucida before fertilization  (Coy et al., 

2008; Miller, Gong, Decker, & Shur, 1993; Mondéjar, Martínez-Martínez, Avilés, & Coy, 

2013), and modulating sperm-zona pellucida interactions, indicating an active role in 

the oviduct during the fertilization process (Coy et al., 2008; Marín-Briggiler et al., 2010; 

Romero-Aguirregomezcorta, Matás, & Coy, 2015; Venditti, Swann, & Bean, 2010). In 
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this study, owing to the increase in local E2 levels in cows submitted to the FSH/eCG 

superstimulation protocol, we analyzed the transcript levels of genes involved in 

fertilization and gamete interactions. 

Several authors (Bauersachs et al., 2004; Buhi, 2002b; Buhi, Alvarez, & Kouba, 

2000; Carrasco, Coy, Avilés, Gadea, & Romar, 2008; Fontes et al., 2018; Lamy, Labas, 

et al., 2016) have reported that OVGP1, HSPA5, FUCA1, and FUCA2 levels are 

stimulated by E2 during the periovulatory period. In our study, the increased levels of 

E2 resulted in the up-regulation of OVGP1, HSPA5, FUCA1, and FUCA2 in the 

infundibulum and ampulla of the cows submitted to the FSH/eCG protocol relative to 

the control animals, and no effect of the treatments was observed in the isthmus. This 

latter result agrees with the findings of other studies showing that each oviductal region 

responded differently to E2 stimulation, and that transcription in the isthmus does not 

change under estrogen treatment (Buhi et al., 2000).  

Two OVS protocols were the targets of our study. As we have demonstrated, 

the FSH/eCG protocol altered all the parameters evaluated in the oviduct samples in 

comparison with the control group (single pre-ovulatory follicle), while the regulation by 

the FSH protocol was inconsistent, either with positive or null effects on transcript 

abundance in the bovine oviduct. Although a subtle effect of FSH protocol on bovine 

oviduct regulation cannot be discarded, the stable effect of FSH/eCG protocol on the 

oviduct reinforces the benefits of replacing the last two doses of FSH by eCG to the 

ovarian superstimulation technology in Nelore cows. In other studies, the FSH/eCG 

protocol, in comparison with the FSH protocol, increases the total number of 

oocytes/embryo recovery (Barros et al., 2007). Moreover, the number and percentage 

of transferable embryos were greater for the FSH/eCG females than for the FSH 

females (Mattos et al., 2011). In other words, the embryo quality was improved with 

FSH/eCG treatment and it could be associated with the modifications in the proteins 

produced by the oviduct. 
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Considering the information presented in this study regarding the effect of 

steroid hormones on oviduct function, we strongly suggest measuring hormones levels 

in the oviductal cells rather than in the plasma. We have demonstrated that the OVS 

protocol with FSH/eCG results in increased E2 levels in the follicular fluid from the pre-

ovulatory stage and we suggest that increased E2 levels may reflect a higher 

concentration of E2 in the oviduct due to the countercurrent system. Finally, we 

propose a mechanism whereby higher levels of E2 regulate oviductal gene expression 

to guarantee the successful fertilization of multiple oocytes in superstimulated cows 

(Figure 3). 

 
Figure 3. General considerations of the cows submitted to the FSH/eCG protocol 
compared to the control group. The use of eCG in the OVS protocols has been 
shown to increase the plasma levels of E2 relative to non-superstimulated cows during 
the pre-ovulatory period (Santos et al., 2018). We further analyzed the sex steroid 
hormone levels in the follicular fluid and oviduct and found higher levels of E2 but 
similar levels of P4 in stimulated animals as compared to non-stimulated ones. We 
suggest that the source of E2 present in the oviduct is from the countercurrent system. 
This higher level of E2 in the oviductal cells may stimulate the transcription of the 
estradiol receptor (ESR1) in the ampulla and the progesterone receptor (PGR) in the 
infundibulum and ampulla, and the genes associated with the fertilization process 
(OVGP1, HSPA5, FUCA1, and FUCA2) in the infundibulum and ampulla. However, 
differences in the transcript levels between the FSH/eCG and control groups were not 
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observed in the isthmus segment. E2: estradiol; P4: progesterone; bold font (ESR1, 
PGR, OVGP1, HSPA5, FUCA1, and FUCA2) indicates higher levels in the FSH/eCG 
than control group; regular font indicates no difference between groups. 

 

Based on all the findings, we concluded that ovarian superstimulation using 

FSH combined with eCG up-regulates E2 levels in oviductal cells and positively drives 

the transcription profile of steroid receptors (ESR1 and PGR) and the genes associated 

with fertilization (OVGP1, HSPA5, FUCA1, and FUCA2) in the infundibulum and 

ampulla segments of oviducts of Nelore cows.  We may infer that such effects triggered 

by superstimulation with FSH combined with eCG might benefit fertilization and 

potentially increase pregnancy rates. 

 

4. Material and methods 

All experimental procedures involving animals were approved by the Ethics 

Committee on the Use of Animals of the Biosciences Institute of the São Paulo State 

University (IB/UNESP-CEUA, number 379). The protocol was in accordance with the 

ethical principles in animal research. 

 

4.1. Experimental groups 

Thirty Nelore (Bos taurus indicus) non-lactating multiparous cows ranging from 

5 to 7 years of age with body condition scores ranging from 2.0 to 3.5 were randomly 

distributed in three experimental groups (n = 10 animals/group): ovarian 

superstimulation with FSH (FSH group), ovarian superstimulation with FSH and eCG 

(FSH/eCG group), and control group (hormonally synchronized, single pre-ovulatory 

follicle). These protocols are used commercially for Bos taurus indicus. This study was 

conducted on a farm located in Santa Cruz do Rio Pardo (São Paulo, Brazil; 22º 53′ 

56″ S, 49º 37′ 57″ W; elevation 467 m). The cows were maintained on pasture 

(Brachiaria brizantha) with ad libitum access to water and a mineral supplement. The 

hormonal and protocol details are shown in Figure 4. 
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Briefly, at a random stage of the estrous cycle designated as Day 0 of the 

protocols, all cows received a progesterone-releasing vaginal device (1.0 g, PRIMER®, 

Tecnopec, São Paulo, Brazil) and IM administration of estradiol benzoate (EB, 2.5 mg, 

Estrogin®, Farmavet, São Paulo, Brazil). Cows from the FSH group received pFSH (a 

total of 200 mg, Folltropin®-V, Bioniche Animal Health, Belleville, ON, Canada) twice 

daily for four consecutive days (40%, 30%, 20%, and 10% of the total amount was 

administered from Day 5 to Day 8, respectively). For cows from the FSH/eCG group, 

the last two doses of FSH were replaced with two doses of eCG (a total of 400 IU, IM, 

Novormon®, Syntex, Buenos Aires, Argentina). All the cows received IM administration 

of a PGF2α analogue (d-cloprostenol, 150 mg, Prolise®, Tecnopec, São Paulo, SP, 

Brazil) on Day 7 (superstimulated groups) or Day 8 (control group) and the 

progesterone-releasing vaginal inserts were removed at 7 p.m. on Day 8.  

All the cows were slaughtered in a commercial abattoir at 7 a.m. on Day 9 of the 

protocol, i.e., at the supposed time of exogenous LH administration if continuing with 

the protocol. Three or four animals, from each experimental group, were slaughtered in 

each of the three independent sessions. Due to a possibility of an endogenous LH 

surge, blood samples were collected from the jugular vein on Day 8 (7 p.m.) and Day 9 

(7 a.m.) to quantify the plasma concentration of LH and verify an endogenous LH 

surge. None of the cows were excluded from the experiment as the animals did not 

present an endogenous LH surge.  
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Figure 4. Experimental design. At a random stage of the estrous cycle, all 30 animals 
received a progesterone releasing intravaginal device (PRIMER) with administration of 
EB (Day 0). Ovarian superstimulation was performed with two derivation protocols: the 
FSH group (received FSH twice daily from Day 5 to Day 8) and the FSH/eCG group 
(the last two doses of FSH were replaced with two doses of eCG). A PGF2α agonist 
was administered to the cows submitted to superstimulation protocols on Day 7 (7 
a.m.) and in cows from the control group (ovulation synchronized) on Day 8 (7 p.m.). 
All animals had the PRIMER removed on Day 8 (7 p.m.) and were slaughtered on Day 
9 (7 a.m.). Cows submitted to ovarian superstimulation protocols presented multiple 
pre-ovulatory follicles and cows submitted to ovarian synchronization presented one 
pre-ovulatory follicle. Hormonal levels (E2 and P4) were measured in the follicular fluid 
and local oviduct and the transcript abundance was evaluated in a tissue section from 
each oviduct segments (infundibulum, ampulla, and isthmus). EB: estradiol benzoate; 
PGF2α: Prostaglandin F2 alpha; D: Day. 
 

4.2. Sample collection 

After the animals were slaughtered, the reproductive tracts of all the cows were 

transported to the laboratory on ice within 2 h in a bag containing saline. The samples 

were processed for follicular fluid hormonal analysis, oviductal supernatant hormonal 

analysis, and quantification of the abundance of oviductal transcripts (detailed 

description below, Figure 4).  

 

4.2.1. Follicular fluid collection 

The pre-ovulatory follicles were dissected from isolated ovaries. Using a caliper, 

two perpendicular measurements gave the average diameter of each follicle. The 

follicle diameter for all the cows ranged from 11 to 14 mm. Approximately 20 follicles 

were present in each superstimulated cow and the number did not differ between the 

FSH and FSH/eCG groups. Follicular fluid was collected using a needle and syringe. 

The samples were centrifuged at 7000 ×g for 10 min to remove cellular debris and the 

supernatant was stored in -80 ºC. The follicular fluid from the dominant follicle was 

collected from the cows belonging to the control group (n = 9; one follicle was lost 

during the dissection process) and from one of the three largest follicles from the FSH 

and FSH/eCG groups (n = 10 follicles/group).  
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4.2.2. Oviductal tissue collection for measurement of hormonal levels 

The oviducts (n = 5/group) ipsilateral to the pre-ovulatory follicle from the control 

animals and one of the oviducts from the superstimulated cows (n = 5/group), were 

isolated from the reproductive tract. The surrounding connective tissues and 

infundibulum were trimmed with only the tubal portion of the oviduct remaining. The 

samples were processed according to Wijayagunawardane et al. (1998) with some 

modifications. Each sample was weighed, minced, and homogenized separately in 

CK28-R tubes (2 mL, with ceramic beads) with a Precellys® homogenizer (Bertin 

Technologies, Montigny le Bretonneux, France) for three cycles of 30 s at 6800 rpm 

with 15 s intervals. The samples were then centrifuged for 10 min at 570 ×g at 4 ºC and 

the supernatant was stored at -20 ºC. 

 

4.2.3. Oviductal tissue collection to RT-qPCR 

The ipsilateral oviducts from control animals (n = 5) and one randomly selected 

oviduct from each cow superstimulated either with FSH (n = 5) or FSH/eCG (n = 4, one 

cow was excluded from analysis due to low quality of the RNA sample) were isolated 

from the reproductive tract and the surrounding connective tissues were trimmed. A 

section (whole tissue) of each of segments, infundibulum, ampulla, and isthmus were 

collected separately from each oviduct and the transition regions were discarded (as 

previously described (Gonella-Diaza et al., 2015). The samples were placed in TRIzol® 

(Invitrogen, São Paulo, SP, Brazil) and homogenized with a Polytron® homogenizer 

(Ultraturrax, Luzern, Switzerland). Total RNA was extracted according to the 

manufacturer’s protocol and stored at -80 °C. RNA concentrations were quantified 

using a spectrophotometer (Nanodrop; Thermo Fisher Scientific, Waltham, MA, USA). 

 

4.3. Hormonal assays 

The E2 and P4 concentrations in the follicular fluid and oviduct samples were 

measured by chemiluminescence, a solid-phase competitive immunoassay (Immulite® 
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1000; Siemens Flanders, New Jersey, USA) as reported previously (Santos et al., 

2018). All follicular fluid samples were diluted ten-fold for the E2 assay. For the E2 

assay, the concentration ranged from 20 to 2000 pg/mL and sensitivity was 15 pg/mL; 

for the P4 assay, the concentration ranged from 0.2 to 40 ng/mL and sensitivity was 0.2 

ng/mL. 

 

4.4. Quantitative PCR  

Total RNA (1 µg) from each sample was incubated with DNAse I (Invitrogen, 

São Paulo, SP, Brazil) and then reverse transcribed with SuperScript® III (Invitrogen, 

São Paulo, SP, Brazil) using Oligo-d(T) primers, following the manufacturer’s 

instructions. The cDNA obtained was diluted eight-fold and stored at -20 °C to be used 

for gene expression assays by qPCR.  

Real time PCR analysis was performed using StepOne Plus® (Life 

Technologies, Carlsbad, CA) with the Power SYBR® Green PCR Master Mix (Applied 

Biosystems, Foster City, CA). Primers were designed using bovine-specific sequences 

(Table S2). The reactions were optimized by primer dilution and an annealing 

temperature gradient to achieve maximum amplification efficiency for each gene (90-

110%). The reaction volume was 25 µL with 1 µL of each sample and variable primer 

concentrations (Table S2). PCR cycling conditions were 95° C for 10 min, followed by 

40 cycles of 95° C for 10 s, and annealing and extension for 1 min at specific 

temperature to each gene (Table S2). Each sample was analyzed in duplicates and the 

specificity of each PCR product was determined by melting curve analysis and 

amplicon size determination on agarose gels. Negative template control (NTC) was run 

with every plate.  

To select reference genes, the GeNorm and Normfinder software were used to 

evaluate gene variability. An ANOVA was then performed with Cq (quantification cycle) 

values to evaluate the inter-group variability. Seven reference genes candidates were 

tested (Table S2): 18S, ACTB, GAPDH, H2A, PPIA, RPL15, and RPL30. The relative 
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expression of target genes was calculated from the geometric mean of the most stable 

reference genes (18S and H2A) using the ∆∆Ct method (Livak & Schmittgen, 2001). 

Ten target genes were analyzed (Table S2): hormone receptors (LHCGR, FSH, ESR1, 

ESR2, and PGR), a steroidogenic enzyme (CYP19A1), and genes related to the 

fertilization process (OVGP1, HSPA5, FUCA1, and FUCA2).   

 

4.5. Statistical analysis 

The effect of ovarian superstimulation on E2 and P4 concentrations (follicular 

fluid and oviduct) and on transcript abundance in the infundibulum, ampulla, and 

isthmus were tested by ANOVA and comparisons of means were performed with the 

Tukey–Kramer HSD test. The hormone concentrations are presented as fold change 

compared to the control group. The data are presented as the mean ± standard error of 

the mean (S.E.M.). The analyses were performed using JMP software (SAS Institute, 

Cary, NC, USA). Differences were considered significant when p < 0.05. 
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Supplementary Information 

 

Table S1: Relative mRNA abundance (mean ± standand error mean) and p-values 

 

Data are presented as mean ± standard error mean of relative mRNA abundance 

(∆∆Ct method). Different letters (a, b) means differences (p < 0.05) between groups 

(Control, FSH, and FSH/eCG). INF: infundibulum, AMP: ampulla, IST: isthmus. 

 

 

 

 

 

 

 

 

 

  
Groups p-value 

  
CTRL FSH FSH/eCG Comparisons 

between 
groups Gene Segment MEAN ± STANDARD ERROR MEAN 

ESR1 

INF 1.34 ± 0.48 2.24 ± 0.58 2.79 ± 0.46 0.192 

AMP 1.73 ± 0.43a 3.72 ± 0.61ab 5.37 ± 2.00b 0.021 

IST 3.70 ± 1.50 11.00 ± 4.61 4.63 ± 2.29 0.351 

ESR2 

INF 1.80 ± 0.59  5.67 ± 3.65  4.40 ± 2.54  0.979 

AMP 14.85 ± 2.95  20.89 ± 3.96  30.08 ± 9.99  0.278 

IST 0.63 ±0.23  1.93 ± 1.54  0.03 ± 0  0.165 

PGR 

INF 0.57 ± 0.17a 2.95 ± 1.77b 5.72 ±1.75b 0.012 

AMP 1.03 ± 0.31a 7.63 ± 2.22b 12.14 ±4.47b 0.002 

IST 0.82 ± 0.34 12.28 ± 4.48 6.31 ± 5.83 0.148 

OVGP1 

INF 0.56 ± 0.21a 13.54 ± 6.13b 26.45 ± 8.53b 0.009 

AMP 1.54 ± 0.66a 29.54 ± 9.01b 74.40 ± 20.72b <0.001 

IST 0.32 ± 0.19 3.95 ± 3.76  0.13 ±0.10  0.607 

HSPA5 

INF 0.55 ±0.15a 5.70 ± 2.93ab 13.15 ± 9.29 b 0.034 

AMP 0.40 ± 0.08a 12.29 ± 4.00b 13.09 ± 5.65 b <0.001 

IST 0.15 ± 0.08 1.33 ± 0.51 1.59 ± 1.02 0.106 

FUCA1 

INF 0.50 ± 0.16a 2.05 ± 0.78ab 6.78 ± 2.34b 0.027 

AMP 0.92 ±0.20a 4.29 ± 1.52ab 8.12 ± 2.53b 0.012 

IST 0.16 ± 0.11 1.08 ± 0.34 1.15 ± 1.01 0.105 

FUCA2 

INF 1.28 ± 0.45a 1.90 ± 0.61ab 6.21 ± 1.52b 0.042 

AMP 1.32 ± 0.36a 3.45 ± 1.00ab 5.38 ± 1.13b 0.024 

IST 0.63 ± 0.33 0.76 ± 0.18 1.65 ± 0.96 0.662 
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Table S2. Bovine specific oligonucleotide forward and reverse primer sequences (5’-3’) 

 
† Primer concentration per PCR reaction (mM); ‡ Temperature of annealing and 
extension (ºC) 

Gene 
Symbol 

Gene Name Primer sequence (5'-3') 
NCBI 

Reference [mM]† ⁰C‡ 

Hormone receptor        

ESR1 Estradiol Receptor 1 
F: CAGGCACATGAGCAACAAAG NM_001001443.

1 
300 60 

R: TCCAGCAGCAGGTCGTAGAG 

ESR2 Estradiol Receptor 2 
F: GTAGAGAGCCGCCATGAATAC 

NM_174051.3 300 60 
R: CAATGGATGGCTAAAGGAGAGA 

FSHR 
Follicle Stimulating 
Hormone Receptor 

F: AGCCCCTTGTCACAACTCTATGTC 
NM_174061.1 300 60 

R: GTTCCTCACCGTGAGGTAGATGT 

LHCGR 
Luteinizing 

Hormone/Choriogonadotr
opin Receptor 

F: GCATCCACAAGCTTCCAGATGTTACGA 
NM_174381.1 300 60 

R: GGGAAATCAGCGTTGTCCCATTGA 

PGR Progesterone Receptor 
F: ACTACCTGAGGCCGGATT NM_001205356.

1 
300 60 

R: CCCTTCCATTGCCCTCTTAAA 

Steroidogenic enzyme        

CYP19A
1 

Cytochrome P450 Family 
19 Subfamily A Member 

1 (Aromatase) 

F: CTGAAGCAACAGGAGTCCTAAATGTACA XM_019968827.
1 

400 62 
R: AATGAGGGGCCCAATTCCCAGA 

Genes related to fertilization 
process 

       

FUCA1 Alpha-L-Fucosidase 1 
F: TGGTTCCATCCTCTCTACCTAC NM_001046035.

2 
300 60 

R: CCACTCTCCATCAGACCAAATC 

FUCA2 Alpha-L-Fucosidase 2 
F: CTGGAATCGCTGACTATCTCAC NM_001205818.

1 
300 60 

R: CCATCTTGTGTGGGTCCAATA 

HSPA5 
Heat Shock Protein 
Family A Member 5 

F: GTTCTTGTTGGTGGCTCTACT NM_001075148.
1 

300 60 
R: ACAGCCTCATCTGGGTTTATG 

OVGP1 Oviductal Glycoprotein 1 
F: GTCGTCCAGAAAGCGTATGA NM_001080216.

1 
300 60 

R: CAGAGAGAACAGAGGGCTATTG 

Referen
ce 

         

18S RNA, 18S Ribosomal 
F: AGAAACGGCTACCACATCCAA 

NR_036642.1 200 60 
R: CCTGTATTGTTATTTTTCGTCACTACCT 

ACTB Actin Beta 
F: GCGTGGCTACAGCTTCACC 

NM_173979.3 300 60 
R: TTGATGTCACGGACGATTTC 

GAPDH 
Glyceraldehyde-3-

Phosphate 
Dehydrogenase 

F: GGCGTGAACCACGAGAAGTATAA NM_001034034.
2 

200 60 
R: CCCTCCACGATGCCAAAG 

H2A H2A Histone type 2-A 
F: GAGGAGCTGAACAAGCTGTTG XM_019956604.

1 
300 60 

R: TTGTGGTGGCTCTCAGTCTTC 

PPIA 
Peptidylprolyl Isomerase 

A 

F: GCCATGGAGCGCTTTGG 
NM_178320.2 300 60 

R: CCACAGTCAGCAATGGTGATCT 

RPL15 Ribosomal Protein L15 
F: CTCATCGTTGGTGCCAATGCAAGT NM_001077866.

1 
300 60 

R: TCACATCCACCCTGGGAAACAGAA 

RPL30 Ribosomal Protein L30 
F: TGGTGTCCATCACTACAGTGGCAA NM_001034434.

2 
300 60 

R: ACCAGTCTGTTCTGGCATGCTTCT 
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SHOULD THE PHASE OF THE ESTROUS CYCLE BE CONSIDERED WHEN 

HARVESTING BOVINE OVIDUCT EPITHELIAL CELLS FOR APPLICATION IN 

IN VITRO COCULTURE SYSTEMS? 

 

The experimental part of this work was developed in collaboration with the group of 

Bart M. Gadella from Utrecht University, Utrecht, Netherlands. This is part of the 

work developed by Patricia K. Fontes during her international internship at Utrecht 

University during her Ph.D. 

 

 

ABSTRACT 

 

The improvement of in vitro culture of oviductal epithelial (OEC) cells has been the 

focus of many studies due to its capacity to mimic the maternal environment for in vitro 

embryo production. This coculture system with OECs and embryos has resulted in more in 

vivo-like embryos. However, the in vitro culture of OEC still does not have a gold-standard 

system. One fact that can be related to variation in cell culture is the phase of the estrous 

cycle when OECs are harvested. Using bovine species as an experimental model, we 

demonstrated that indeed cells harvested during follicular or luteal phases from the estrous 

cycle keep a transcriptome profile difference after long-term culture if no hormone 

treatment is applied. Cultured under four conditions related to estradiol and progesterone 

treatments, these cells demonstrated to have a distingue profile when not stimulated by 

hormone treatments, but hormone treatments were able to similarly modulate the cells' 

transcription activity. Therefore, when culturing BOECs for application in in vitro coculture 

system with in vitro produced embryos, the phase of the estrous cycle should be 

considered if no hormone treatment will be performed. In the case of BOECs cultured in 

vitro be submitted to a simulation of the estrous cycle phases before the coculture system, 

BOECs can be harvested at any time of the estrous cycle.   



- 64 - 
 

 

1. INTRODUCTION 

 

The in vitro embryo production (IVEP) is the most explored artificial reproduction 

technique (ART) in many different species and for various proposes, e.g. rescue of 

endangered animals, increment in beef production, helping couples with fertility 

problems/single parent/same-sex couples to conceive a baby, and biomedicine research. 

The development of the IVEP technique has continuously been improved since the first 

mammal birth in 1959 (1), mainly to achieve a better embryo quality and to improve the 

microenvironment conditions that this embryo is exposed to. Aiming that, some bridges are 

being built to connect embryos produced in vitro to their natural environment, the oviduct.  

Even though the oviduct plays a pivotal function in in vivo embryo formation and 

early development, its roles could be bypass during many years of in vitro production of 

embryos. However, the importance of the oviduct had been considered underestimated 

and new approaches to establish contact between embryo and oviduct conditions have 

been developed. Lately, the benefits of oviductal fluid for the development of in vitro 

produced embryos have been assessed by using in vivo-derived oviductal fluid in the 

embryo culture media, as well as, embryo-oviductal cells coculture systems (2-4). The 

latest most notary benefit about the interaction between embryo and oviduct is the 

embryonic epigenetic modulation, which has been listed to be a key factor for a more in 

vivo-like produced embryo (2,4-6). 

The oviduct is the organ that connects the ovary to the uterus, meaning it has an 

intra-abdominal location (7). Besides its difficult access location, the oviduct has highly 

tortuous anatomy, which means that in the practical situation of using oviduct for ART, the 

necessity of surgery for its access and its cannulation process is not easily performed for 

fluid and cells collection, for instance. Therefore, in some situations, the animal is 



- 65 - 
 

slaughtered for oviduct cells/fluid collection, or, more frequently, the material is collected 

from animals slaughtered for beef production.  

The collection of oviductal fluid for the isolation of extracellular vesicles has been 

successfully demonstrated to benefit IVEP (4,8). However, the volume of oviductal fluid is 

very limited, and the extracellular vesicles profile is variable depending on the estrous 

cycle stages (9). Hence, the culture of oviductal cells has been an advantageous 

alternative for the establishment of embryo-oviductal cell coculture systems, or even for in 

vitro-derived oviductal fluid collection (10). Even though the in vitro culture of oviductal 

cells is a more gainful strategy to establish contact with embryos, up until now, no culture 

system has been proved to be completely feasible on mimicking the in vivo conditions to 

blastocyst production (11). The absence of a gold-standard protocol to culture oviductal 

cells is proof that there is room for improvement. A variation on cell collection method 

(mechanically vs. enzymatically), sub-culture passages number, culture media 

compositions, and presence/concentrations of estradiol and progesterone hormones are 

the main examples of variations between protocols (12,13). 

Besides the examples listed above, another factor highly variable when performing in 

vitro culture of oviductal cells is at which phase from estrous cycle cells are harvested. And 

this fact is even more evident in studies that use material from slaughterhouses. In some 

cases, a postmortem evaluation/estimation of the animal’s estrous cycle phase is 

performed based on their ovaries morphology (14). Adopting these criteria, some studies 

are performed using oviductal cells collected during the luteal phase (early, mid, and/or 

late (3,12,15,16) or follicular phase (17-19). However many other studies do not specify 

and/or do not evaluate the estrous cycle phase when the oviductal cells had been 

harvested (2,11,20,21). This variety can have a great impact on the outcome of in vitro cell 

culture, whereas oviductal cells have distinct known profiles across the estrous cycle 

phases (22-27). Therefore, we decided to perform an extensive evaluation of the 
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transcriptome profile of oviductal cells submitted to in vitro culture harvested in two phases 

of the estrous cycle: mid-luteal and follicular. To do that, we use the bovine species as an 

experimental model, and the bovine oviduct epithelial cells (BOECs) were submitted to in 

vitro culture with estradiol (E2) and progesterone (P4) treatments simulating the estrous 

cycle phase. The estrous cycle phases were simulated because in in vivo conditions the 

presence of gametes and embryos in the oviduct occurs during the periovulatory period. In 

this way, the knowledge developed in this study can have great applicability in embryo-

oviduct coculture systems. Considering this information, the hypothesis is that the origin of 

BOEC influences the behavior of cells submitted to in vitro culture. Therefore, we aimed to 

determine whether the moment of the estrous cycle when cells were harvested (origin of 

BOEC: follicular vs. luteal) is an important factor to be considered during oviductal cells in 

vitro culture. Since E2 and P4 are known to act modulating transcription activity, we 

elected the transcriptome analysis by RNA-seq as the main tool to reach our objective to 

evaluate the behavior of the cells.     

 

2. MATERIALS AND METHODS 

 

2.1. Chemicals 

 Unless otherwise stated, all chemicals were purchased from Sigma Chemical Co. 

(St. Louis, MO) of the highest available purity. 

 

2.2. Experimental design 

Bovine oviduct epithelial cells were collected and in vitro cultured following the 

experimental design in Figure 1. 
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Figure 1: Experimental design. (A) Based on ovarian morphology evaluation (14), cows were 
classified as at follicular phase when a pre-ovulatory follicle and a Corpus Luteum in the 
regression phase were identified (n = 3 animals). BOECs were collected from the ampulla 
segment from both oviducts (ipsi- and contralateral) from each animal and seeded in four 
transwell inserts per animal. (B) Similarly, cows were classified as at luteal phase when a 
dominant follicle and a Corpus Luteum bigger than 1.6 centimeters in diameter, red/brown 
color in the apex only, and orange color in the remaining portion were identified in the ovaries 
(n = 3 animals). BOECs from ampulla segments (both oviducts) from each animal were seeded 

A B 

C 



- 68 - 
 

in four transwell inserts per animal. (A, B) Three independent replicates were performed using 
one animal from each estrous cycle stage (follicular and luteal) per replicate. (C) The day of 
cell seeding was day -6 of the protocol. BOEC were cultured until confluence for 7 days. During 
this period, half of the media from the apical compartment and total media from the basolateral 
compartment were renewed every 48 h (black arrows) with no treatment. On day 1, the 
medium from the apical compartment was removed to establish the air-liquid interface. And 
BOECs were submitted to four different protocols of hormone treatments added in the media 
from the basolateral compartment: 1) Estrus; 2) SuperEstrus; 3) Diestrus; 4) Control. The white 
arrows indicate the days of media replacement from day 1 until day 14, during this period the 
full media from the basolateral compartment were renewed. The white boxes indicate the 
specifics hormone treatment for each one of the four treatments. On day 14, cells were 
collected for transcriptome analysis. BOECs: bovine oviduct epithelial cells; CL: corpus 
Luteum; F: dominant or pre-ovulatory follicle; D: day, P4: progesterone; E2: estradiol.  
 

2.3. Oviduct cells isolation and pre-culture 

 Reproductive tracts from cows were collected at a local slaughterhouse. The 

tissues were collected immediately after slaughter (~15 min) and were transported to the 

laboratory on ice within one hour. Based on ovarian morphology (14), the estrous cycle 

stages were classified post-mortem in:  

1) Follicular (follicular phase: estimated to be between 18-20 days of the estrous cycle), 

when a Corpus Luteum with less than 1 centimeter (cm) in diameter, light yellow/white 

external color, and the yellow internal color was present, in addition to the presence of a 

preovulatory follicle more than 10 mm in diameter (Figure 1A); 

1) Luteal (mid-luteal phase: estimated to be between 5-10 days of the estrous cycle), when 

a Corpus Luteum with more than 1.6 cm in diameter, red/brown color in the apex only and 

orange color in the remaining portion was present, in addition to the presence of a 

dominant follicle more than 10 mm in diameter (Figure 1B).  

A total of six animals were used in this study (three of each estrous cycle stage), 

divided into three independent replicates. Two animals (one animal from each estrous 

stage) were processed per replicate. Both oviducts of each animal (ipsilateral and 

contralateral) were dissected free of surrounding tissue. The tubular segment of oviducts 

(from isthmus until ampulla) was quickly washed in 70% ethanol, followed by three washes 

in PBS supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, 100 µg/mL 
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gentamycin, and 2.5 µg/mL amphotericin B (room temperature). The length of the total 

tubular segment of the oviducts was measured; only oviducts within a minimal 25 cm were 

used. No difference between phases of the estrous cycle was observed (Follicular: 29±3.6 

cm; Luteal: 28.4±2.7 cm).  

 Only BOECs from the ampulla segment were collected for culture. Both oviducts of 

the same cow (ipsilateral and contralateral) were mechanically squeezing with tweezers, 

cells were pooled in warm (37ºC) HEPES buffered Medium 199 supplemented with 100 

U/mL penicillin, 100 µg/mL streptomycin, 100 µg/mL gentamycin, and 2.5 µg/mL 

amphotericin B (Wash Medium - WM), and centrifuged at 200 x g for 5 min at 25 ⁰C. The 

supernatant medium was discarded and the cells were resuspended in 3 mL of warm (37 

⁰C)  1% Collagenase A (Roche Diagnostics, Indianapolis, IN) diluted in PBS supplemented 

with 100 U/mL penicillin, 100 µg/mL streptomycin, 100 µg/mL gentamycin, and 2.5 µg/mL 

amphotericin B. The enzyme digestion was performed for 10 min at a warm plate (37 ⁰C) 

associated with pipetting up and down every 2 min to separate the cells. Next, the enzyme 

activity was inactivated by adding 7 mL of WM supplemented with 10% fetal bovine serum 

(FBS), followed by two rounds of centrifugation at 100 x g for 5 min at 25 ⁰C with 7 mL WM 

supplemented with 10% FBS. Last, the cells were placed in six-well plates (one plate per 

cow) and cultured for 18-20 h in WM supplemented with 10% FBS for fibroblast exclusion 

by time adhesion to the plate (defined as pre-culture day). 

 

2.4. BOECs culture in transwell inserts 

 Basic Culture Medium (BCM) was prepared as followed: DMEM/Ham’s F12 

(DMEM/F-12, Gibco BRL, Paisley, UK), no phenol red due to hormonal treatment (28), 

supplemented with 5% FBS, 5 µg/mL insulin, 5 µg/mL transferrin, 25 ng/mL epidermal 

growth factor, 50 µg/mL gentamycin, 0.25 µg/mL amphotericin B, 100 U/mL penicillin, and 

100 µg/mL streptomycin. Before cells seeding, the transwell inserts (Nunc™ 
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Polycarbonate, 0.4 µm pores, 24-well plate; ThermoFisher Scientific, Rolkilde, Denmark) 

were coated with the BCM in the basolateral compartment (800 µL) and the apical 

compartment (100 µL) of the inserts for one hour in the incubator (37 ⁰C, 5% CO2, in 

humidified air). Eight inserts were prepared at the same time, four inserts per cow. 

 After the pre-culture day, the cells floating in the medium were collected, 

centrifuged at 100 x g for 5 min at 25 ⁰C, and resuspended in BCM. Cell viability was 

analyzed with double stain to total (Hoechst 33342) and dead (propidium iodide) cells 

identification. At least 200 cells were analyzed per cow, within a proportion of live cells 

higher than 75% in all the samples. No difference between the phases of the estrous cycle 

was observed (Follicular: 83.3±7.0%; Luteal: 83.3±4.5%). Cell count was performed with a 

Bürker Türker Counting Chamber. BOECs were diluted to a concentration of 3 x 106 

cells/mL, 140 µL of this solution was added into the apical compartment of the inserts (pre-

coated with BCM) resulting in 0.9 x 106 cells/cm2. The inserts were kept in a liquid-liquid 

interface (liquid in both compartments: basolateral and apical) for seven days in the 

incubator (37 ⁰C, 5% CO2, in humidified air) to allow cell attachment and to reach 

confluence. During these first seven days, the BCM was replaced every other day in the 

basolateral compartment (100%) and the apical compartment (50% of total media volume) 

(Figure 1C). Next, the medium from the apical compartment was completely removed to 

establish the air-liquid interface (ALI), and the hormonal stimulation was performed in the 

media from the basolateral compartment for 14 days. This long-term culture (21 days) was 

performed in the incubator (37 ⁰C, 5% CO2, in humidified air). 

 

2.5. Hormone treatment and quantification 

Since the first day of ALI, E2 and P4 were added to the BCM in the basolateral 

compartment. Each treatment was performed in one insert per animal (Figure 1C): 
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(1) Estrus (EST): diestrus phase was simulated from day 1 – 11 with 100 ng/mL P4 and 75 

pg/mL E2, followed by one day transition of 30 ng/mL P4 and 150 pg/mL E2, and 

simulation of estrus milieu for two days with 10 ng/mL P4 and 300 pg/mL E2; 

(2) Super Estrus (SUP): diestrus phase was simulated from day 1 – 11 with 100 ng/mL P4 

and 75 pg/mL E2, followed by one day transition of 30 ng/mL P4 and 300 pg/mL E2, and 

simulation of superestrus milieu for two days with 10 ng/mL P4 and 600 pg/mL E2;  

(3) Diestrus (DIE): diestrus phase simulation from day 1 – 14 with 100 ng/mL P4 and 75 

pg/mL E2; 

(4) Control (Ctrl): 0.5% ethanol for 14 days of culture (vehicle).  

The medium in the basolateral compartment of all inserts was completed replaced 

every other day during the first nine days. Then, from day 10 until day 13, the medium was 

completed replaced every day. The cells were collected on day 14, approximately 24h 

after the last medium replacement (Figure 1C).  

Hormone treatments were implemented using values similar to the ones described 

locally in the oviducts, which has been demonstrated to be much higher than the plasmatic 

levels (26). The P4 and E2 concentrations of EST and DIE treatments were based on ex-

vivo oviductal fluid concentrations reported in cows under physiological conditions (26). 

The E2 concentration of SUP treatment (E2: 600 pg/mL) is based on ex-vivo oviductal 

cells analysis in cows submitted to ovarian superstimulation protocols (29), the higher 

levels of E2 has been suggested to improve oviductal cells functions. 

 

2.6. Samples collection for RNA extraction 

 On day 14, the culture medium was completely removed and 250 µL of kit Lysis-

buffer were added in the apical compartment of the inserts, mixed by pipetting, recovered 

in a 1.5 mL tube, and stored in -80 ⁰C. 
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2.7. RNA extraction and reverse transcription 

Total RNA was extracted using the Micro Kit RNeasy (Qiagen, Hilden, Germany), 

including the RNAse-free DNAse treatment, following the manufacturer’s instructions. 

Total RNA concentration was analyzed using a spectrophotometer (Nanodrop 2000™, 

ThermoFisher Scientific, Wilmington, DE), which also enables the evaluation of 

contamination of proteins and organic solvents by the 260/280 ratio values. The RNA 

quality was evaluated using the 2100 Bioanalyzer system with RNA Nano chips (Agilent 

Technologies, Waldbronn, Germany). All the samples presented an RNA integrity number 

(RIN) > 9.2. Part of the sample was stored as RNA for RNA-seq analysis, and the other 

part (200 ng of total RNA/sample) was converted into cDNA using the High Capacity cDNA 

kit (Applied Biosystems™, Carlsbad, CA), according to the manufacturer’s instructions. 

Individual sample information is presented in Supplementary Table 1.  

 

2.8. Library preparation and RNA-seq data analysis 

Approximately 500 ng of total RNA were used for each RNA-seq library preparation 

using the Illumina TruSeq Stranded mRNA sample Prep LT Protocol (San Diego, CA). 

Libraries were pair-end sequenced in a 2 x 101 bp protocol using the HiSeq SBS v4 kit 

(San Diego, CA) and the HiSeq 2500 Illumina platform. All the 24 samples (four 

treatments/cow; three cows from the follicular phase and three cows from the luteal phase) 

were sequenced in the same lane of the Flow Cell. All the sequences were 101 bp lengths 

and 100% similarity in the sequence number between firsts reads (R1) and seconds reads 

(R2, pair-end). The quality of the sequences was checked using the FastQC program 

(version 0.11.9) (30). Phred of 32 was the minimum mean quality score of each base 

position in all the samples. Adaptors content were removed using the Cutadapt software 

(version 2.10) (31). Reads were mapped using HiSat2 (version 2.2.0) (32) to the bovine 

reference genome (Bos_taurus.ARS-UCD1.2.dna.toplevel.fa, ENSEMBL, 
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http://m.ensembl.org/info/data/ftp/index.html, accessed in May 2020), with the option --rna-

strandness RF (according to Illumina strand library preparation, which the R1 and R2 are 

the reverse and forward strands, respectively). The mapping file was sorted using 

SAMTools (version 0.1.18) (33) with the option -N (name). Read counts were obtained 

using the script from HTSeq-count (version 0.12.4) (34) with the option strand specificity -

reverse (according to Illumina strand library preparation, which the R1 and R2 are the 

reverse and forward strands, respectively) and the bovine genome assembly 

(Bos_taurus.ARS-UCD1.2.dna.toplevel.fa, ENSEMBL, 

http://m.ensembl.org/info/data/ftp/index.html, accessed in May 2020). All the parameters 

related to RNA-seq bioinformatics are summarized in Supplementary Table 1.  

The differential expression analyses were performed with package DESeq2 (version 

1.28.1) (35), from R/Bioconductor (36). The fitType was set to ‘local’. Analyses of different 

treatments (CTRL vs. DIE, CTRL vs. EST, and CTRL vs. SUP) for the same cow were 

performed as a paired test using the option ‘design: ~ animal + treatment’; all the others 

parameters were set as default. The P-value was determined by Wald statistics. An 

adjusted P-value (P-adj) to correct for multiple testing was calculated using the Benjamini–

Hochberg method. Differentially expressed genes (DEGs) were filtered by a false 

discovery rate (FDR) <10% (P-adj value < 0.1). 

Functional enrichment analyses were performed using the plugin ClueGO/CluePedia 

(version 2.5.7) (37) in the Cytoscape (version 3.8.0). Gene ontology (GO) terms of 

‘Biological Process’ (EBI-UniProt-GOA-ACAP-ARAP_24.07.2020) and Kyoto Encyclopedia 

of Genes and Genomes pathways (KEGG) pathways (11.01.2018) was evaluated using 

the Bos taurus genome as reference (version 2018-01-11). Specifications of ClueGo 

parameters of each analysis are indicated in the results section. All RNA-Seq data will be 

deposited in the NCBI Gene Expression Omnibus (GEO) database.  
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3. RESULTS AND DISCUSSION 

 

Successful gestations have been established after the transfer of in vitro produced 

embryos into the uterus of an animal/woman. Usually transferred at morulae or blastocyst 

stage, embryos will have their first contact with the maternal environment around the 3rd-8th 

day of their development, depending on the species [1]. Consequently, the role of the 

oviduct for the achievement of pregnancy has been neglected for a long period. It is a fact 

that the oviduct is not mandatory for the initiation of a new life; however, it is known 

nowadays that the interaction of oviduct-embryo facilitates the maternal recognition of 

pregnancy [2] and improves the embryo quality in many aspects, such as epigenetics 

pattern, gene expression profile, morphology, and cryotolerance [3].  

The coculture system of oviduct cells with embryos is a feasible way to establish the 

interaction of them in an in vitro condition. However, the in vitro culture of oviductal cell is 

still not optimal. The major characteristic of the in situ oviduct cells is that epithelial cell 

undergoes cyclic events of cell proliferation, differentiation, and cell desquamation/nuclei 

extrusion, which is regulated by the cyclic variation of ovarian steroids [4,5]. Therefore, 

many studies have been trying to exposure oviductal cells to a timeframe simulation of the 

estrous cycle for maximal hormone responsiveness and oviductal cells as similar as 

possible to the in vivo cells [6-8]. Because the estrus cycle is defined by consecutive 

hormonal stages, we hypothesized that the stage of oviductal cells harvesting should be 

considered in cell culture to maintain the cells in their natural circuit. Therefore, in this 

study, we harvested BOECs during the follicular and luteal phase and subsequently 

submitted these cells to a simulation of estrous cycle phases in vitro. In this way, we aimed 

to determine whether BOECs collected in different estrous cycle phases and after being 
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submitted to in vitro culture system would have different outcomes, and possibly indicate 

which phase is more appropriate for the BOECs collection. 

Even though the presence of gametes and embryos takes place in the bovine 

oviduct during the periovulatory period in natural in vivo conditions, in many studies the in 

vitro coculture system is performed in oviduct cells with no hormone stimulation [2,6,9]. 

Therefore, to have a wide view of the coculture scenario, in this study we evaluated 

BOECs collected in different estrous cycle phase and submitted to four culture conditions: 

1) under no hormone treatment (CTRL), due to many studies that perform coculture of 

embryos and oviduct cells with no hormone treatment; 2) treatment simulating the diestrus 

phase (DIE), which is the period of the estrous cycle not receptive for embryo 

development; 3) treatment simulating the estrus phase (EST), which is the period of the 

estrous cycle appropriate for embryo development; 4) treatment simulating the estrus 

phase in cows submitted to ovarian superstimulation protocol (SUP) [10], which is the 

period of the estrous cycle appropriate for the development of multiple embryos. 

Previously study has shown that bovine oviductal cells when cultured in vitro with no 

hormonal stimulation have a lower cell height, decreased cell ciliation, and lower 

expression of secretory markers (i.e. oviductal glycoprotein 1 – OVGP1) compared to cells 

hormonally stimulated, suggesting loss in morphological and functional differentiation in 

cells cultured in absence of hormone stimulation [6]. Similarly in porcine, in vitro estrus 

cycle simulation revealed the effects of E2 and P4 on differentiation, gene expression, and 

cellular function in oviduct epithelial cells [7]. Consequently, it was expected that BOEC 

submitted to CTRL treatment loses their differentiation after been submitted to a long-term 

culture without hormone stimulation. Moreover, this dedifferentiation would result in very 

similar or even identical transcriptome profiles between BOECs from different origins 

(follicular and luteal). However an unexpected result was observed in the present study: 

cells submitted to CTRL treatment presented 1134 DEGs when comparing cells from 
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follicular phase (F_CTRL) vs. luteal phase (L_CTRL), of those, 425 and 709 genes were 

upregulated in F_CTRL and L_CTRL, respectively (Figure 2, Supplementary Table 2).   

 
Figure 2: Total number of differentially expressed genes (DEGs, P-adj < 0.1) identified 
between different origins of BOECs (follicular vs. luteal) in all four treatments: SuperEstrus, 
Estrus, Diestrus, and Control. Numbers inside the black boxes indicate the total DEG in 
each comparison. Numbers on the left side indicate genes that were upregulated in cells 
from the follicular origin; numbers on the right side indicate genes that were upregulated in 
cells from the luteal origin. 

 

Many studies have demonstrated that the state of oviduct tissue analyzed in vivo is 

unique and distinct in the follicular phase compared to the luteal phase [11-16]. 

Particularities of each phase have been observed concerning the epithelial cell 

transcriptome profile [13,14,16] and oviductal fluid proteomics [12,17], metabolomics [11], 

and extracellular vesicles content [18,19], for instance. With this information in mind and 

the outcome of transcriptome profile observed in the present study, the first assumption 

was that the BOECs from different origins (follicular and luteal) would, therefore, be 

capable to keep their characteristics of their in vivo state when not hormonally stimulated; 

even after long-term culture. To evaluate the effectiveness of this theory, functional 

enrichment analysis was performed using the Cytoscape ClueGO analysis [20], all the 

1134 DEGs from the comparison F_Ctrl vs. L_Ctrl were used for this analysis. The 
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analysis was performed using the function ‘cluster’ from ClueGO, which permits the 

simultaneous visualization of genes up- and downregulated from this comparison. As 

shown in Figure 3 and Supplementary Table 3, most of the GO/KEGG terms were 

exclusively enriched in the BOECs originally from the luteal phase (red nodes), some 

terms were common between follicular and luteal (gray nodes), and only three terms were 

enriched in the BOECs originally from follicular phase (blue nodes, Figure 3A, 

Supplementary Table 3). About the terms enriched in BOECs originally from the luteal 

phase, they were mainly related to cell cycle, cell division, and mitosis, whereas in BOECs 

from the follicular origin, the terms included regulation of localization, endocytosis, and 

protein stabilization (Figure 3A, Supplementary Table 3). Next, some genes were selected 

based on a literature review because of their known differential expression between 

follicular and luteal phases [7,12,13]. Analyzing these genes in BOECs submitted to 

F_CTRL and L_CTRL treatment, none of the genes presented the expected expression 

pattern (Figure 3B). Most of them were not differentially expressed between F_CTRL and 

L_CTRL (white bars, Figure 3B), and some of them had their expression levels in the 

opposite direction as expected (CDC20, CKS2, PNP, and TFE3, Figure 3B). In summary, 

the GO/KEGG terms from functional enrichment analysis along with the analysis of 

selected genes drove us to the conclusion that the cells are not connected to their original 

state, i.e. BOECs collected at follicular and luteal phases do not keep their original 

characteristics after long-term culture under no hormone stimulation; however, these cells 

present a distinct transcriptome profile between one another.  
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Figure 3: Specific evaluation of cells from the control treatment (F_Ctrl x L_Ctrl). (A) Functional 
enrichment analysis of gene ontology (GO) terms related to biological processes (circles) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways (hexagon). The analysis was performed 
using the ClueGo Cytoscape plug-in. The function ‘cluster’ allows simultaneous visualization of 
genes up- and downregulated: gray-shaded nodes represent unspecific biological phenomena, blue 
and red-shaded nodes represent, respectively, upregulated biological processes in cells from F_Ctrl 
and L_Ctrl treatments. GO/KEGG terms are presented as nodes and clustered together based on 
the similarity of genes present in each term or pathway. Node size is also proportional to the 
relevance of each biological phenomenon. The only three terms enriched in cells from F_Ctrl are 
highlighted in the left blue circle, and the most expressive terms enriched in cells from L_Ctrl are 
highlighted in the right red circle. ClueGo parameters were set as indicated: only display pathways 
with p values < 0.1; Bonferroni step down as correction method; kappa score of 0.4, GO tree 
interval 3 – 8; GO term minimum 3 genes/4% of genes per pathway for F_Ctrl and 3 genes/6% of 
genes per pathway for L_Ctrl. The distingue percentage values were set up to balance the different 
number of DEG between F_Ctrl and L_Ctrl. (B) Representation of log2 fold changes (F_Ctrl X 
L_Ctrl) results of RNA-seq data of some specific genes known to be upregulated during follicular 
(horizontal blue bar) and luteal (horizontal red bar) phases (23,24,39). 

A

B Selected genes: F_CTRL X L_CTRL

Functional enrichment analysis: F_CTRL X L_CTRL
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When analyzing the BOECs submitted to in vitro culture under hormone treatment, a 

substantial decrease of DEG was detected when comparing the moment of BOECs 

collection (Figure 2, Supplementary Table 2). A total of 144 genes were differently 

expressed between F_DIE vs. L_DIE, of which 113 genes were upregulated in L_DIE and 

31 genes were upregulated in F_DIE (Figure 2, Supplementary Table 2). The functional 

enrichment analysis revealed four enriched terms in the F_DIE and 17 enriched terms in 

the L_DIE treatment (Supplementary Table 3). About the treatment simulating the estrus 

phase, the evaluation of transcriptome profile resulted in 56 DEGs comparing F_EST vs. 

L_EST, while in cells submitted to SUP treatment, 20 DEGs were identified (Figure 2, 

Supplementary Table 2). Functional enrichment analysis across all DEGs was performed 

using the Cytoscape ClueGO analysis (37), and no functional GO/KEGG term was 

identified comparing F_EST vs. L_EST and F_SUP vs. L_SUP, probably because of the 

small number of DEGs. 

Considering the transcriptome profile of all these BOECs, the origin of the cells 

(follicular vs. luteal) presented a huge difference in the expression of transcripts after long-

term culture under no hormone stimulation. This difference was greatly reduced when cells 

were submitted to the DIE milieu simulation and almost nonexistent when cells were 

submitted to the SUP milieu simulation (Figure 2). Therefore, in an attempted to 

understand how the origin of BOEC could affect the transcriptome profile of cells submitted 

to long-term culture under no hormone treatment, but turn the cells very similar under 

hormone treatment, new bioinformatics analyses on RNA-seq data were performed to 

compare the same cell population under different conditions, in other words, comparisons 

were executed between ‘CTRL vs. DIE’, ‘CTRL vs. EST’, and ‘CTRL vs. SUP’ separately 

in BOECs from follicular and luteal origins. As result, there were 331, 794, and 427 DEGs 

for CTRL vs. DIE, CTRL vs. EST, and CTRL vs. SUP comparisons, respectively, when 
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analyzing cells from follicular phase origin (Figure 4). In BOECs originally from the luteal 

phase, there were 949, 1225, and 833 DEGs for CTRL vs. DIE, CTRL vs. EST, and CTRL 

vs. SUP comparisons, respectively (Figure 4). From this point of view, apparently, the 

treatments with E2 and P4 modulate greatly the transcription activity of the cells. Indeed 

the ovarian steroid hormones are transcription controllers well described by many studies, 

especially by their classical mechanism of action (42). Also known as the genomic 

mechanism, in the classical signaling pathway E2 and P4 bind to their respective nuclear 

receptors. Nuclear receptors with their ligand can interact with the DNA sequence in 

regions known as Hormone Responsive Element (HRE), which are regions most of the 

time related to gene promoter region (43). This interaction results in the recruitment of 

transcriptional coregulators, which can induce or repress the expression of the target gene 

(43). The E2 mechanism of action on its nuclear receptor ERα has been the most studied, 

acting on its HRE (known as estrogen-responsive element – ERE) and modulating the 

cellular transcriptional machinery (50). The interaction of ERα-E2-EREs can increase open 

chromatin, remodeling the DNA by co-modulator recruitment, resulting in an increase in 

transcriptional activity (50). Based on this, steroid hormones have been described as the 

main controllers of oviductal gene expression (42), with gene expression patterns during 

the luteal phase being associated with increased levels of P4 and gene expression pattern 

during the follicular phase being associated with increased levels of E2. Therefore, in the 

scenery of the present study, when hormone treatments are applied on BOECs from 

different origins the modulation of transcriptome regulation might lead the cells to turn very 

similar to one another (Figure 2).  
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Figure 4: Total number of differentially expressed genes (DEGs, P-adj < 0.1) identified 
between controls and hormone-treated cells (Diestrus, Estrus, and SuperEstrus) in cells 
from (A) follicular origin and (B) luteal origin. F: follicular, L: luteal. 

 

After all, it is also important to consider some limitations of our study. The results of 

this present study are based on a static culture system, in which the culture media was 

replaced every other day or every day, depending on the day of the protocol, which is not 

comparable to the dynamics of in vivo conditions. Moreover, the hormone levels were 

chosen based on data from local oviductal concentrations, to approximate to in vivo 

conditions, when in fact it might be necessary to adjust such levels to a static culture 

system. Lastly, the in vitro culture was performed in isolated epithelial cells, losing the 

possible interaction of these cells with the multicellular tissue formation. Even though 

these limitations are important to be considered, the results obtained in this study do not 

change our conclusion, since all the cells were under this same condition.  

In conclusion, the data herein revealed, for the first time, that BOECs collected at 

follicular or luteal phases resulted in different transcriptome profiles after the cells were 

submitted to the same in vitro culture conditions with no hormone treatment. Moreover, 

when comparing the hormonally treated cells, the transcriptome profile presents a very 

similar pattern, independently of BOECs origin. In other words, when culturing BOECs for 

application in in vitro coculture system with in vitro produced embryos, the phase of the 

estrous cycle should be considered if no hormone treatment will be performed. In the case 
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of BOECs cultured in vitro be submitted to a simulation of the estrous cycle phases before 

the coculture system, BOECs can be harvested at any time of the estrous cycle.   
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In this thesis, we evaluated the bovine oviduct cells under two conditions: in vivo 

(post-mortem) and in vitro culture system. When performing studies with oviduct cells 

under in vivo conditions, it is necessary to keep in mind the intra-abdominal location and 

difficulty access to the oviduct, which requires surgery or animal slaughter for sample 

collection. Due to this limitation to evaluate the oviduct under in vivo conditions, in the 

second part of this thesis, we performed a study with oviduct cells submitted to an in vitro 

culture system. However, the experience of using in vitro culture systems for oviductal 

cells had been associated with negative results in the distant past. Due to all these 

reasons, the study of the oviduct organ has been low performed, and information is still 

scarce, especially compared to other subjects in the field of reproduction. 

As a change in this scenario, in the last decade, it has increased the focus on 

studying the oviduct organ, mostly using in vitro culture systems. An important change was 

caused by systems that allow 3D cell morphology. These systems have been 

demonstrated to support a more in vivo-like tissue structure and functionality, which 

enlarge the possibility to better understand this organ. Moreover, the same reason that 

caused the neglect of the oviduct for a long time is the reason why the oviduct is back in 

the spotlight, the in vitro embryo production. When bovine embryos could be produced 

until the blastocyst stage without any cell feeder layer, the oviduct cells were considered 

unnecessary for this artificial reproductive technique (ART). However, currently, 

information has been made clear on the benefits of the oviducts cells for the improvement 

of embryo quality and increased chances to establish a pregnancy.  

Taking all this information into account, we planned in this thesis to obtain a broad 

scenario of the oviduct by investigating it under an in vivo and an in vitro condition. To do 

that, we chose scenarios where the oviduct can be possible use to improve embryo 

production: oviduct from cows submitted to ovarian superstimulation protocols, which 
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produces in vivo-derived embryos that can be transferred to recipient cows; and an in vitro 

3D culture system that can be used for coculture system with in vitro produced embryos.  

In Chapter 2, two ovarian superstimulation protocols were applied in cows and 

compared to synchronized cows. The first interesting result was related to the evaluation 

of hormone levels in the oviduct cells, in which we demonstrated that estradiol levels 

during the preovulatory phase are not similar between the two ovarian superstimulatory 

protocols and also differ from synchronized cows. These distinct estradiol profiles seem to 

be related to alterations of transcript activity in the oviduct cells, in which higher levels of 

transcripts in the oviduct cells related to genes of fertilization process control was present 

in cows with high estradiol levels. These alterations in the oviduct of cows submitted to 

ovarian superstimulation protocol could improve the development of multiples embryos 

present in these oviducts.  

To better understand the participation of the estradiol in the oviduct cells, we forward 

to another investigation of oviduct cells but now in an in vitro model. This strategy was 

chosen due to the difficult access of the oviduct in an in vivo condition, which would 

require the slaughter of the animals. And also due to the easiness of working with more 

experimental groups when using an in vitro model.  

In Chapter 3, we were interested in better understand the effect of the high levels of 

estradiol in the oviductal cells found in the results from chapter 2. However, the oviductal 

cell culture is a technique still with no gold standard, which made us ask which phase of 

the estrous cycle we should collect these cells to start the simulation of the estrous cycle in 

vitro. This information is very scarce in the literature, which made us go one step back in 

our plan and add this investigation in our experimental design. Therefore, we analyzed the 

effect of high levels of estradiol in oviductal cells collected at the follicular and luteal phase 

of the estrous cycle. To make possible the interpretation of the data, the two sources of 

oviductal cells were also submitted to other three experimental groups: normal estradiol 
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levels, high progesterone levels, and no hormone treatment. After all, we observed that the 

phase of the estrous cycle when the oviductal cells were collected has a huge influence on 

the outcome transcriptome of cells submitted to in vitro culture with no hormone treatment, 

moreover, the treatment with high estradiol levels could change the transcriptional activity 

of these cells resulting in a very similar profile after in vitro culture.  

Both investigations of oviductal cells in this thesis, the ovarian superstimulation 

protocol and the in vitro culture of oviductal cells, are artificial approaches to enable the 

interaction between embryo and oviductal cells. Based on our results, it is clear that each 

approach can be very different depending on the hormone levels of each condition. 

Different ovarian superstimulation protocol has different estradiol levels in the oviductal 

cells during the preovulatory phase. And oviductal cell in vitro culture has different 

transcriptome profiles depending on which phase the cells were collected and which 

hormone treatment was applied during the in vitro culture. 

When synchronization and ovarian superstimulation protocols are designed, rarely 

the physiology of the female reproductive tract in general (oviduct, uterus, and vagina) is 

taking into consideration. Related to this absence of importance drive into the oviduct 

organ during application of protocols for estrus synchronization, studies performed in vivo 

should be interpreted and discussed keeping in mind that the conditions are not natural. 

Most studies performed in vivo use hormone treatment for estrus synchronization, which 

means that the knowledge produced from these studies might not represent 100% of 

oviduct physiology.  

The oviduct has been neglected for a long period due to the possibility of in vitro 

embryo production. However, its participation has been reactivated after the demonstration 

of the involvement of oviductal cells on essential epigenetics regulation of in vitro produced 

embryos, higher pregnancy rates of embryos that contacted the oviductal cells, and 

improvement of embryo quality. Therefore, it has been pivotal the production of a more in 
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vivo-like embryo. For that, more studies involving the understand of oviduct cells should be 

continuously performed to identify the main factor involved in their function, as well as 

factors produced by the oviductal cells that improve the embryo production. In parallel, 

studies performed in vivo should start to consider the importance of the full reproductive 

tract for embryo formation and pregnancy success, such as the oviduct, uterus, and 

vagina. And maybe, some studies should be performed in an animal under the natural 

estrous cycle, not hormonally synchronized.  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

CURRICULUM VITAE 

 



 

- 90 - 
 

Patricia Kubo Fontes was born on Abril 21st 1990 in 

Fernandópolis, São Paulo, Brazil. She finished her secondary 

education in 2007 in the Colégio Coopere in Fernandópolis, 

São Paulo, Brazil. In 2008 she started to study Biomedicine at 

São Paulo State University (UNESP) in Botucatu, São Paulo, 

Brazil, where she got her University degree in 2011. In 2012 

she started a master in Pharmacology at UNESP, Botucatu, 

São Paulo, Brazil. During her master program, she did four 

months internship at the Faculty of Veterinary Medicine, 

University of Montreal, Canada. After her graduation in June 

2014, she worked as Professor at “Universidade Paulista (UNIP)”, Bauru, São Paulo, 

Brazil and became the researcher responsible for Gene Expression Analysis in High 

Throughput System at the Laboratory of Phytomedicine, Pharmacology and Technology, 

UNESP, Botucatu, São Paulo, Brazil. In March 2016 she started her PhD study in the 

Pharmacology and Biotechnology Program, UNESP, Botucatu, São Paulo, Brazil. During 

her PhD program, she did an one year internship at the Department of Farm Animal Health 

of the Faculty of Veterinary Medicine, Utrecht University, The Netherlands. The 

achievements during her PhD study are described in this thesis. 

 
 

RESEARCH EXPERIENCE 

 
Laboratory of Molecular Biology and Cell Culture | São Paulo State University, Botucatu, 
Brazil (Mar/2016 – currently)  
Supervision: Dr. Anthony César de Souza Castilho | Co-supervision: Dr. Mário Binelli 
 

Farm Animal Health | Utrecht University, Utrecht, The Netherlands (Jan/2018 – Jan /2019)  
Supervision: Dr. Bart M Gadella | Co-supervision: Dr. Tom A E Stout and Dr. Heiko H H W 
Henning 
 

Laboratory of Phytomedicines, Pharmacology and Biotechnology | São Paulo State 
University, Botucatu, Brazil (Ago/2014 – Dez/2015)  
Supervision: Dr. Marcelo Fábio Gouveia Nogueira and Dr. Anthony César de Souza 
Castilho  
 

Centre de Recherche en Reproduction Animale | Université de Montréal, Saint-Hyacinthe, 
Canada (Ago/2013 – Dez/2013)  
Supervision: Dr. Christopher Price 
 

Laboratory of Pharmacology of Animal Reproduction | São Paulo State University, 
Botucatu, Brazil (Jul/2010 – Jun/2014)  
Supervision: Dr. Ciro Mores Barros | Co-supervision: Dr. Anthony César de Souza Castilho  



 

- 91 - 
 

MAIN LABORATORY SKILLS 

 
 Molecular Biology: Sample preparation, RNA extraction (Trizol, Column-based kits), 

RNA quality test, cDNA synthesis, RT-qPCR (96-well plate and High-throughput 
system/Microfluidics); 

 Microscopy: Confocal microscope, Fluorescence microscope, Light microscope 
(Immunohistochemistry, Immunocytochemistry) 

 Cell culture: primary oviduct epithelial cell culture (monolayer, tri-dimensional system); 
 Gametes manipulation: ovarian follicular aspiration, oocyte selection and classification, 

frozen semen preparation; 
 Bovine in vitro production of embryos: gametes in vitro maturation, in vitro fertilization, 

zygote denudation, embryo culture, embryo morphological classification; 
 Protein quantification: Sample preparation, Protein extraction, Western blotting, 

Chemiluminescence; 
 Data Analysis: GraphPad Prism, JMP (SAS), RNA-Seq analysis (basic level), DAVID, 

ClueGO (basic level). 
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