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Abstract
The aim of this study was to test the effect of expression of estrus at artificial insemination (AI)
on the endometrium, conceptus and corpus luteum (CL) gene expression. Twenty-three multiparous
non-lactating Nelore cows were enrolled on an estradiol (E2) and progesterone (P4) based timed-AI
protocol (AI = d 0), then slaughtered for endometrium, CL and conceptus collection on d 19. Body
condition score (BCS), blood samples and ultrasound examination was performed on d 0, 7 and 18 of the
experiment followed by RNA extraction and quantitative reverse transcription polymerase chain
reaction (qRT-PCR) analysis of 58 target genes. Data was checked for normality and analysed by ANOVA
for repeated measures using proc GLM, MIXED and UNIVARIATE. Estrous expression had no correlation
with parameters such as BCS, pre-ovulatory follicle and CL diameter, P4 concentration in plasma on d 7
and 18 after AI and IFN-tau concentration in the uterine flushing (P > 0.05); however, a significant
increase was observed in conceptus size (P = 0.02; 38.3 ± 2.8 vs 28.2 ± 2.9). The majority of transcripts
affected by estrous expression in the endometrium belong to the immune system and adhesion
molecule family (MX1, MX2, MYL12A, MMP19, CXCL10, IGLL1 and SLPI) (P ≤ 0.05). Genes related to
apoptosis, P4 synthesis and prostaglandin receptor were down-regulated (CYP11A, BAX and PGF2α
receptor) (P < 0.05) in the CL tissue of cows in estrus. In addition, four genes were identified as
differentially expressed in the 19 old conceptus from cows observed in estrous (ISG15, PLAU, BMP15
and EEF1A1; P<0.05). There was also a significant effect of P4/d7 mainly affecting immune system,
adhesion molecules and wnt signaling pathway of endometrium (IGLL1, MX2, SLPI, TRD, APC, WNT2,
GLYCAM1 and MYL12A) (P<0.05). A significant interaction between estrus expression and P4
concentration on d 7 was more pronounced in immune system genes (MX1, MX2, TRD, SLPI and IGLL1;
P<0.05). This study demonstrated that estrous expression at the time of AI, in spite of ovulation being
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induced by E2, could alter the gene expression profile in reproductive tissues during the preimplantation phase.

iii

Preface
The animal part of the study and sample collection was conducted from January to March
(Summer) at a commercial cow–calf operation located in Mineiros, Goias, Brazil and was part of the
study in the university of Sauo Paulo. The animals used herein were cared for in accordance with the
practices outlined in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and
Teaching (Curtis and Nimz, 2010). Animal Care (CCAC) / National Institutional Animal User Training
(NIAUT) Program was obtained under this certificate #6570-14. I was responsible for gene expression
studies ( performed at the University of British Columbia’s Dairy Education and Research Centre in
Agassiz, BC) and at Dr. Suzanne Clee’s laboratory for Diabetes Research Group at the Life Science Centre,
as wells as data analysis.

iv

Table of Contents
Abstract ......................................................................................................................................................... ii
Preface ......................................................................................................................................................... iv
Table of Contents .......................................................................................................................................... v
List of Tables ............................................................................................................................................... vii
List of Figures ............................................................................................................................................. viii
List of Abbreviations .................................................................................................................................... ix
Acknowledgements.....................................................................................................................................xiii
Dedication ...................................................................................................................................................xiv
1 Literature review ...................................................................................................................................... 1
1.1

Overview of subfertility in cattle ................................................................................................ 1

1.2

Estrus cycle.................................................................................................................................. 3

1.3
Pregnancy establishment ............................................................................................................ 5
1.3.1
The role of the corpus luteum during pregnancy ............................................................... 5
1.3.2
Endometrium remodelling and embryo development ....................................................... 7
1.4
Role of steroids during pregnancy establishment ...................................................................... 9
1.4.1
Progesterone function ........................................................................................................ 9
1.4.2
Estradiol function .............................................................................................................. 10
1.5

Effect of proestrus length on pregnancy maintenance ............................................................ 14

1.6
Interferon, pregnancy stimulated genes in reproductive tissue .............................................. 15
1.6.1
Genes involved in endometrium receptivity ..................................................................... 16
1.6.2
Apoptosis, steroid synthesis and angiogenesis in CL ........................................................ 38
1.6.3
Developmental and immune related genes in the conceptus .......................................... 42
2 Impact of estrus exposure on gene expression of the endometrium, corpus luteum and conceptus
of beef cows ................................................................................................................................................ 50
2.1

Hypothesis and objectives of the dissertation.......................................................................... 50

2.2
Material and methods .............................................................................................................. 50
2.2.1
Animals, housing and grouping ......................................................................................... 51
2.2.2
Blood samples and ultrasound examinations ................................................................... 52
2.2.3
Slaughter and tissue collection ......................................................................................... 52
2.2.4
RNA extraction .................................................................................................................. 53
2.2.5
Primer design .................................................................................................................... 53
2.2.6
Complementary DNA synthesis......................................................................................... 53
2.2.7
Quantitative real time PCR ................................................................................................ 54

v

2.2.8

Statistical analysis.............................................................................................................. 55

2.3
Results ....................................................................................................................................... 55
2.3.1
Expression of genes in the endometrium ......................................................................... 55
2.3.2
Expression of genes in the corpus luteum affected by estrus expression ........................ 56
2.3.3
Gene expression in the embryo ........................................................................................ 57
2.3.4
Ovarian and embryo parameters ...................................................................................... 57
2.3.5
Effect of P4 concentration on day 7 on animal variables, embryo genes, endometrium
gene expression and estrus outcome ................................................................................................. 57
2.3.6
Effect of embryo size on animal variables and embryo gene expression ......................... 58
2.4
3

Discussion.................................................................................................................................. 58

General discussion ............................................................................................................................ 82
3.1

Summary ................................................................................................................................... 82

3.2

Limitations ................................................................................................................................ 83

3.3

Future direction ........................................................................................................................ 84

3.4

Conclusions ............................................................................................................................... 84

References .................................................................................................................................................. 86

vi

List of Tables

Table 1: Primer sequences for gene transcription analysis performed for endometrium, CL, and embryo
.................................................................................................................................................................... 66
Table 2: Flowchart of gene function ........................................................................................................... 72
Table 3 : Descriptive statistics of reproductive parameters collected on days 7 and 18 of pregnancy in
cows detected estrous and not detected estrous at the time of AI ........................................................... 73

vii

List of Figures

Figure 1: Diagram of study .......................................................................................................................... 65
Figure 2: Effect of estrus expression on endometrium gene expression ................................................... 74
Figure 3: Genes not affected by estrous expression in the endometrium tissue ...................................... 75
Figure 4 : Effect of estrus expression on corpus luteum genes involved in steroidogenesis. Angiogenesis
and apoptosis .............................................................................................................................................. 77
Figure 5 : Effect of estrus expression on embryo genes involved in morphogenesis, immune system, and
protein synthesis ......................................................................................................................................... 78
Figure 6: Effect of P4 concentration in day 7 on endometrium gene expression ...................................... 79
Figure 7: Interaction between P4 and estrous expression and its effect on endometrium gene expression
.................................................................................................................................................................... 80
Figure 8: Effect of embryo size on embryo gene expression ...................................................................... 81

viii

List of Abbreviations
AI - Artificial insemination
APC - Adenomatous polyposis coli
Bax - BCL2 associated X protein
BCL2 - B cell lymphoma
BMP - Bone morphogenic inhibitor
BMP15 - Bone morphogenetic protein 15
CIDR - Controlled internal drug-releasing insert
CL - Corpus Luteum
CLD4 - Claudin 4
COX-2 - Cyclooxygenase-2
CXCL10 - C-X-C motif chemokine 10
CYP11A - Cholesterol side chain cleavage enzyme
DKK - Dickkopf-related proteins
E2 - Estrogen
EB - Estradiol benzoate
ECM - Extracellular matrix
ECP - Estradiol cypionate
eCG - Equine Chrionic gonadotropin
EMMPRIN - Extracellular matrix metalloproteinase inducer
eNOS - Endothelial nitric oxide synthase
ESR1- Estrogen receptor 1

ix

FGF2 - Fibroblast growth factor
FSH - Follicle-stimulating hormone
FTH1 - Ferritin, heavy polypeptide 1
GE - Glandular Epithelium
GH - Growth hormone
GLYCAM1 - Glycosylation-dependent cell adhesion molecule 1
GnRH - Gonadotropin-releasing hormone
GPX4 - Glutathione peroxidase 4
GSK3 - Glycogen synthase kinase 3
HOXB7 - Homebox protein 7
3βHSD - 3 beta-hydroxysteroid dehydrogenase
IDO - Indoleamine 2, 3-dioxygenase
IFNT - Interferon-tau
IGHG1 -Immunoglobulin heavy chain gamma
IGLL1 - Immunoglobulin lambda-like 1
IL-6 - Interleukin 6
iNOS - Inducible nitric oxide synthase
Interlukin 10 - IL-10
ISG15 - Interferon stimulated gene 15
LE - Luminal epithelium
LEF - Lymphoid enhancer factor
LGALS3BP - Lectin galactoside soluble 3 binding protein
LH - Luteinizing hormone
x

LIFR - Leukemia inhibitory factor receptor
LPS - Lipopolysaccharide
LRP6 - Low-density lipoprotein receptor related protein 6
MHC - Major Histocompatibility Complex
MMP2 - Matrix metalloproteinase-2
MMP19 - Matrix metalloproteinase 19
MSX1 - Msh homeboxe 1
MYL12A - Myosin light chain
MYH9 - Myosin heavy chain 9
MYH10 - Myosin heavy chain 10
NF-KB - Nuclear factor kappa-light-chain-enhancer of activated B cells
NK - Naturl killer
NM II - Non-muscle myosin family
NO - Nitric oxide
nNOS - Neuronal nitric oxide synthase
NOS - Nitric oxide synthase
OGP - Estradiol-dependent glycoprotein
OT - Oxytocin
OTR - Oxytocin receptor
P4 - Progesterone
P450scc - Cytochrome P450 sidechain cleavage
PA - Plasminogen activator
PGF2α - Prostaglandin F2α
xi

PGR – Progesterone receptor
PLAU - Plasminogen activator urokinase
PTX3 - Pentraxin 3
qPCR – quantitative polymerase chain reaction
RLC - Non-muscle regulatory light chain
RT-PCR – Reverse transcription polymerase chain reaction
SERPINA14 - Serine peptidase inhibitors 14
SLPI - Secretory leukocyte protease inhibitor
SPP1 - Secreted Phosphoprotein 1
StAR - Steroidogenic acute regulatory
TCF - T cell factor
TIMP -2- Tissue inhibitor of metalloproteinases
Th2 - T helper 2
TRD - T cell receptor delta
UGKO - Uterine gland knock-out
UP -Urokinase-type plasminogen activator

xii

Acknowledgements
First, and foremost, I am very grateful to my supervisor Dr. Ronaldo Cerri for guiding and
supporting me through my Masters. He has been a great mentor to me and given me the opportunity
and freedom to grow and think as a researcher. I would like to thank members of Dr. Cerri’s group for
giving me a warm environment and support during my time in the laboratory. Next, my sincere thanks
to my supervisory committee members Dr. Kimberly Cheng and Dr. Xiaonan Lu for overseeing my
research progress and providing valuable time and effort to make this dissertation a success. Special
thanks to Dr. Suzanne Clee and Shuba Karunakaran for providing me the space for my experiments at
the Life Science Centre. I am extremely thankful to my parents, for their love and support and always
being by my side no matter the distance. I would like to express my deepest appreciation and gratitude
for my amazing friends: Najmeh Tavassoli and Mahsa Imani, it would not be possible to complete this
dissertation without their incredible friendship, kindness, and encouragement.

xiii

Dedication

To my beloved parents

xiv

1 Literature review
1.1

Overview of subfertility in cattle
Conception rate reported for beef cows range from 48 to 58% using timed artificial insemination

(AI) systems (Geary et al., 2001; Lamb et al., 2001); this number is relatively low considering that
fertilization rates following AI in beef cows is approximately 90% (Diskin and Sreenan, 1980; Smith et al.,
1982). Embryonic mortality is accounted as one of the main causes of economic loss in the cattle
industry. One common example of fertility problems in cows experiencing timed-AI is the inability to
control follicular development when synchronizing estrus with gonadotropin releasing hormone (GnRH)
based programs (Geary et al., 2000). This often leads to ovulation of small follicles with reduced fertility
(Lamb et al., 2001; Perry et al., 2003). The ovulation of small follicles reduced pre-ovulatory
concentrations of estradiol (E2) in plasma and consequently a corpus luteum (CL) which produces lesser
concentrations of progesterone (P4) (Perry et al., 2005).
Steroid hormones are responsible to prepare the uterus to become a suitable environment for
embryo growth and development. Studies by Miller and Moore have shown that changing the
consecutive exposure to steroids or limiting the concentrations of E2 or P4 interrupts proper uterine
function and results in its inability to sustain conceptus development and survival (Miller and Moore,
1976; Miller and Moore, 1983). The same problem has been observed in lactating dairy cows in which
the inability of the uterus to support embryonic development is a major contributor to infertility (Sartori
et al., 2006). One steroid hormone critical to pregnancy establishment is P4, with a role in conceptus
elongation, an associated increase in interferon-tau (IFNT) production and greater conception rate in
cattle (G.E. Mann and Lamming, 2001; Inskeep, 2004).
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Another steroid hormone, E2, also acts in favour of pregnancy establishment in cattle by
coordinating different processes like the expression of estrus (Asdell et al., 1945), sperm transport
within the uterus and oviduct (Hawk and Cooper, 1975), preparation of follicular cells for luteinization
and secretion of P4 (McNatty and Sawers, 1975; Welsh et al., 1983), induction of the pre-ovulatory
GnRH surge (Kesner et al., 1981) and induction of endometrial E2 and P4 receptors (Ing and Tornesi,
1997; Xiao and Goff, 1999). The observed reduction in circulating ovarian steroids, namely E2 and P4
and particularly in lactating dairy cows, have been associated with insufficient uterine support observed
in pregnancy failure. In addition to the negative effects on the uterus, the compromise of oocyte quality
also plays an important role in the fertility loss observed in dairy and beef cattle. Sartori (Sartori et al.,
2002) reported that oocyte quality is reduced in lactating dairy cows compared with heifers and nonlactating cows. Others report of in vitro experiments (Rizos et al., 2005) observed no difference in
cleavage rate or blastocyst yield between lactating cows and nulliparous heifers.
Similar physiological abnormalities observed in dairy cows could also be found in beef cows
(Lucy, 2001). In both, beef and lactating dairy cows, several studies have found that a reduction in preovulatory E2 and mid-luteal P4 concentrations have extensive associations with infertility (Vasconcelos
et al., 2001; Sartori et al., 2002; Peters and Pursley, 2003; Sartori et al., 2004; Wolfenson et al., 2004).
Reduced steroid concentrations in lactating dairy cows could be the result of increased steroid
catabolism caused by the great increase in feed intake and liver blood flow (Sangsritavong et al., 2002;
Vasconcelos et al., 2003). Studies utilizing embryo transfer and early pregnancy diagnosis indicate that
less than 50% of the viable embryos could establish pregnancy by 27–30 days after ovulation in lactating
dairy cows (Moreira et al., 2002; Sartori et al., 2006). Embryo survival and overall fertility are, in fact,
significantly better in beef cattle, but it is important to emphasize that reductions in conception rates
previously observed are partly explained by the imbalances in P4 and E2 concentrations at key periods
of the estrus cycle.
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1.2

Estrus cycle
Similar to other domestic mammals, cattle exhibit regular cyclic changes in reproductive organs

and sexual behaviour. The estrus cycle is about 21 days in cattle, with a range of 18 to 24 days (Hafez
and Hafez, 2000). The estrus cycle in cows, similar to other animals, is controlled by the reproductive
hormones secreted by the hypothalamic-pituitary-gonadal axis with the role of regulating development
and regression of ovarian follicles and CL. Two gonadotropins are secreted from gonadotrophs of the
anterior pituitary: luteinizing hormone (LH), and follicle-stimulating hormone (FSH). In the
hypothalamus, GnRH secretes and induces secretion of LH from gonadotrope cells of the anterior
pituitary (Schally et al., 1971). LH pulses have a correlation with the GnRH secretions from hypothalamus
neurons, which have been shown in sheep (Clarke and Cummins, 1982) and cattle (Rodriguez and Wise,
1989). In a study by Clarke (Clarke et al., 1984) in ovariectomized ewes with hypothalamo-pituitary
disconnection, it was shown that amplitudes of the LH pulses are dependent on the GnRH pulse
frequency. Similar results have been obtained by inducing arcuate nucleus lesions in rhesus monkeys
(Wildt et al., 1981). Their results show that as the frequency of GnRH pulses increases (1 pulse/h),
mx1plasma LH baselines increase but LH pulse amplitudes decrease, whereas low-frequency GnRH
pulses (1 pulse/4 h) induce high LH pulse amplitudes and low LH baselines.
There are four phases in a typical estrus cycle: estrus, metestrus, diestrus and proestrus.
Proestrus occurs immediately after the lysis of the CL around day 17-19 of the estrus cycle and lasts until
the beginning of the behavioural expression of estrus. During proestrus, the ovaries produce E2 and the
pre-ovulatory follicle reaches its final stages of development in a low P4 environment (Shearer, 2003).
Estrus is the phase were cattle are sexually receptive and this period begins with the acceptance of the
male and normally lasts less than 24 h (Hafez and Hafez, 2000). Estrus length varies considerably
depending on age (Gwazdauskas et al., 1983), breed (Anderson, 2009), ambient temperature
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(Pennington et al., 1985) and floor conditions (Vailes and Britt, 1990). Cows in estrus express different
behavioural and physiological signs. Signs of estrus include: standing to be mounted by other cows or a
bull, producition of clear, glassy mucus from the vulva, restlessness, swelling and reddening of the vulval
mucosa, and slight reductions of feed intake and milk yield (Ball and Peters, 2004). The metestrus phase
lasts for about 3 days after ovulation and begins approximately 24 to 30 h after the onset of estrus.
Diestrus is the lengthiest phase and lies between metestrus and proestrus. In this phase, the CL is fully
functional and produces elevated levels of P4. If pregnancy occurs, the CL will be maintained throughout
the pregnancy period, but if not, the uterus will initiate the process of luteolysis and the CL will then
regress at approximatly day 17-19 of the estrus cycle (Shearer, 2003).
In beef cattle operations in North America, the use of bulls is still the standard practice during
the breeding season. The strategy to use timed-AI programs in beef cows is growing and has its
advantages such as the non-dependency on estrous detection, faster genetic improvement and shorter
breeding seasons (Bridges et al., 2010). Since the adoption of such programs, knowledge of the
physiology, etiology of common reproductive pathologies and new drugs has dramatically improved.
Within this new influx of information was reports showing that even relatively fertile beef cows can
suffer significant declines in fertility if not exposed to the optimal levels of P4 and E2 during the estrus
cycle associated with AI.
Common timed-AI protocols used in beef and dairy cows around the world are those based on
GnRH and prostaglandin F2α (PGF2α), such as Ovsynch (Pursley et al., 1997) and CO-Synch, and those
based on progestagens and estrogens. Briefly, the GnRH induces ovulation with relatively great
precision, which gives control over initiation of a new follicular wave as well as optimum timing for AI.
The success of GnRH to induce follicle turnover is dependent, in part, upon the day of the estrus cycle
the GnRH is administered (Vasconcelos et al., 1999; Moreira et al., 2000; Cartmill et al., 2001) as it has
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been demonstrated that the initial injection of GnRH was only effective in inducing ovulation in 66% of
beef (Geary et al., 2000) and 64% of dairy cattle (Vasconcelos et al., 1999). One interesting point
observed by many researchers is that when beef cows are induced to ovulate from follicles of lesser
diameter using an estrus synchronization program there was a decrease in conception rates (Lamb et al.,
2001; Perry et al., 2005). Another study (Peters and Pursley, 2003) has demonstrated that decreasing
the interval from PGF2α to GnRH-induced ovulation in an Ovsynch protocol also resulted in a decreased
conception rate. In addition, it was observed that cows with a shorter proestrus prior to the induced
ovulation from a large follicle had lesser conception rates and smaller concentrations of E2 during the
pre-ovulatory period than those with a longer proestrus (Bridges et al., 2010).

1.3

Pregnancy establishment
In order to establish a successful pregnancy, the reproductive system, particularly the uterus,

needs to be prepared and in synchrony with the newly formed embryo to adequately support the fast
growth observed in the early embryonic stage. Another key event is the prompt response by the
endometrium to the maternal recognition of pregnancy signal (released by the conceptus) in order to
halt luteolysis and maintain P4 secretion. Collectively, the endometrium, CL and embryo contribute
towards the pregnancy maintenance.

1.3.1 The role of the corpus luteum during pregnancy

The CL is a temporary endocrine gland that contains different types of cells such as endothelial
cells, steroidogenic large and small luteal cells, fibroblasts, smooth muscle cells and immune cells
(O’Shea et al., 1989). There are two hormones produced by this gland, the major one is P4 and the other
one is oxytocin (OT), which is produced in a lesser amount. Large steroidogenic cells store OT in their
secretory granules (McCracken et al., 1999). The P4 plays a critical role in the establishment and
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maintenance of pregnancy as it induces the inactive stage in the endometrium (Csapo and Pulkkinen,
1978) to prevent the maternal immune response to fetal antigens (Szekeres-Bartho, 1992). During early
pregnancy, P4 is mainly secreted by the CL. In ruminants, the main hormone necessary for promoting
the growth of the CL and P4 production is LH (McCracken et al., 1999). It is interesting to note that
during the early stages of CL development, the major factor influencing P4 secretion is growth hormone
(GH)(Miyamoto et al., 1998; Kobayashi et al., 2001). Growth rate of the CL is very rapid, and two days
after ovulation, a significant increase in its mass has been recorded (Fields and Fields, 1996). The
heterogenous populations of cells inside the CL such as steroidogenic cells, endothelial cells, and
fibroblasts undergo repeated mitosis, while on the other hand, hypertrophy of granulosa and theca cells
occurs; overall all these processes lead to an increase in CL mass (McCracken et al., 1999; Acosta and
Miyamoto, 2004).
The CL consists of at least two different types of steroidogenic cells, large and small luteal cells.
The large cells originate from the granulosa and the small ones from theca cells when the follicle
ruptures at ovulation (Lei et al., 1991). As vascular angiogenesis occurs inside CL, macrophages and
endothelial cells infiltrate in the CL (Reynolds and Redmer, 1999). A range of steroids, growth factors,
cytokines and protein hormones have been shown to be produced by CL components and they also
participate in CL establishment (Reynolds and Redmer, 1999; Berisha and Schams, 2005). During luteal
regression, P4 decreases along with the loss of LH receptors and the reduction of blood flow (Niswender
et al., 1976). In case pregnancy does not occur, the CL undergoes lutelolysis, which is necessary for a
new estrus cycle and to prepare for a subsequent ovulation. Generally, luteolysis is initiated by PGF2α
released from the endometrium (McCracken et al., 1999). In mammals, luteolysis has two stages,
functional luteolysis and structural luteolysis. In the functional stage of CL regression, P4 production
decreases quickly (McCracken et al., 1999). In the structural luteolysis, apoptosis occurs in CL cells which
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have been described by morphological and biochemical parameters in ruminants (Juengel et al., 1993;
Rueda et al., 1995; Rueda et al., 1997).

1.3.2 Endometrium remodelling and embryo development

The uterus has different roles during the receptive phase of the endometrium including
regulation of the estrus cycle, transport and capacitation of spermatozoa, early embryo development,
implantation and support of pregnancy throughout gestation. Growth and development of the
conceptus is controlled, to some extent, by the maternal uterine environment (Wilmut and Sales, 1981;
Lawson et al., 1983; Garrett et al., 1988). Steroid hormones, cytokines and growth factors have been
shown to control endometrial differentiation and proliferation during the period of pre- and postimplantation (Chen et al., 1999). Uterine glands in the endometrium secrete factors for survival and
elongation of the embryo (Gray et al., 2002). In order to investigate the role of the endometrium on
embryonic survival, a gland knock-out (UGKO) ovine model has been developed. In ewes, neonatal
exposure to norgestomet, a P4 analogue, leads to the UGKO phenotype. The UGKO ewes are diagnosed
with recurrent early pregnancy loss due to failure in conceptus elongation and survival between day 12
and 14 post-estrus, which is similar to a phenotype also present when control embryos were transferred
into UGKO recipients (Gray et al., 2002). Using microarray analysis comparing cyclic and UGKO ewes has
revealed 23 differentially expressed genes in the endometrium which most of them belong to
immunoglobulin genes, likely because of the large numbers of immune cells present in the tissue (Gray
et al., 2006).
In order to establish a successful pregnancy, the conceptus communicates and attaches to the
endometrium by elongating from a hatched blastocyst. The outer layer of the blastocyst consists of
trophectoderm cells which undergo three stages: apposition, attachment and penetration into the
uterine luminal epithelium (LE); this process is called implantation (Gharib-Hamrouche et al., 1993;
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Chavatte-Palmer and Guillomot, 2007). In the first stage, characterized by a weak connection, the
trophectoderm cells are apposed to the uterine LE. Then, in order to make the association stronger and
avoid dislocation of the blastocyst by flushing of the uterine lumen, adhesion occurs. In the final
penetration stage, a protease secreted from the embryo degrades the LE and decidualization starts by
differentiation of stromal cells into decidual cells (Enders and Schlafke, 1969). All these fundamental
events lead to an attached embryo with three body layers and elementary organs, as well as extra
embryonic membranes by the end of the third week (Berg et al., 2010). In ruminants, the embryo
expresses and secretes IFNT from trophectoderm cells to communicate with the endometrium LE and
modulate a cascade of events that promote embryo survival. IFNT is encoded by multiple genes (Roberts
et al., 1990; Ealy et al., 2001). In one study by (Stojkovic et al. (1995), the highest secretion of IFNT by
bovine blastocysts in vivo was demonstrated to be between days 15 and 17 of the estrous cycle,
whereas in a specific culture system for bovine trophoblastic vesicles, increasing IFNT secretion was
observed for a longer period (up to day 23 after fertilization).
Based on experiments comparing the effects of intrauterine and systemic application of
recombinant IFNT in sheep, IFNT reduces the expression of uterine E2 and OT receptors, and these
effects are likely via paracrine mechanisms. Consequently, IFNT will prevent OT-induced pulsatile
secretion of PGF2α, thereby inhibiting luteolysis (Spencer et al., 1999). In the uterus, IFNT initiates a
signal transduction cascade that involves signal transducer and activator of transcriptions (STAT) and
interferon regulatory factors (IRF). Upon activity of IFNT on LE cells of the endometrium, STATs1, 2, 3,
5a/b and 6 are tyrosine-phosphorylated within 30 min and translocated into the nucleus. Upon longer
exposure to IFNs, STATs3, 5a/b, and 6 are rapidly dephosphorylated. IFNT induces homodimerization of
STAT1 to form the transcription factor GAF (gamma-activated factor) as well as heterodimerization of
STAT1 and STAT2. This heterodimer associates with IRF-9, forming the transcription factor complex
ISGF3 (IFNT-stimulated gene factor 3)(Stewart et al., 2001). Early embryonic loss and pregnancy failure
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likely occur in situations which inadequate reaction of the endometrium to IFNT or insufficient secretion
of IFNT by the conceptus exists. The level of IFNT secretion has been suggested to be used as a
parameter for the assessment of embryo quality (Hernandez-Ledezma et al., 1993).

1.4

Role of steroids during pregnancy establishment
Ovarian steroids such as E2 and P4 are the main factors contributing to uterine receptivity. It has

been reported that in mice and rats successful implantation depends on proper concentrations of P4
and E2 (Mccormack and Greenwald, 1974). However, in some mammals including in pigs, guinea pigs
(Heap and Deanesly, 1967), rabbits (Kwun and Emmens, 1974), and hamsters (Harper et al., 1969),
ovarian E2 is not necessary (Psychoyos, 1973; Heap et al., 1981) .

1.4.1 Progesterone function

It has been established that for maintaining a proper uterine environment to support conceptus
growth and survival, an adequate post-ovulatory increase in P4 concentration is necessary. Based on
Diskin and Dunne studies in cattle and sheep, increasing P4 in the period of post-ovulation leads to a
progressive conceptus elongation (Dunne et al., 2000; Diskin et al., 2006; Diskin and Morris, 2008). Early
studies demonstrated that increasing conceptus elongation resulted in increased concentrations of IFN
in the uterine lumen (Northey and French, 1980; Humblot, 2001) and is further related to improvements
in conception rates (Betteridge et al., 1980; Ruéda et al., 1993; Sreenan, 2001). It seems that the
influence of P4 on embryo development is indirect (Short et al., 1991) through the modification of the
transcriptome of the uterine LE and consequently the uterine luminal fluid (ULF) composition (Schmitt et
al., 1993; Johnson et al., 1999; Austin et al., 2004) .
Reports in ewes (Satterfield et al., 2006; Satterfield et al., 2010) and cows (Forde et al., 2009;
Forde et al., 2010) show that during early gestation increases in P4 contribute to conceptus
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development indirectly by increasing the down-regulation of PGF2α receptors in the uterine
endometrium, elevating the level of uterine histotrophic secretion. The mechanisms by which P4
facilitates conceptus survival have been investigated in the pregnant ewe. Various amino acid (i.e.
arginine, serine, glutamine, and lysine) and glucose concentrations increase in the uterine histotroph
when exogenous P4 was administered (Satterfield et al., 2010). In another study by the same group, P4
supplementation in early gestation in ewes could result in reducing tight junction-associated proteins of
LE and a consequent increase in serum or stromal derived molecules to enter the uterine lumen
(Satterfield et al., 2007). Similar results have been published regarding P4 supplementation in cows and
its effect on modification of endometrial expression of genes related to histotroph production (Forde et
al., 2009; Forde et al., 2011). A study by Atkins (Atkins et al., 2013) highlighted that in embryo recipient
beef cows, P4 concentration on day 7 was a reliable factor to predict the probability of a successful
pregnancy on day 27 of gestation. Other studies have also demonstrated that non-pregnant cows had a
lower level of P4 at different stages of the estrous cycle pre and post-AI compared with those diagnosed
pregnant (Lukaszewska and Hansel, 1980; Shelton et al., 1990; Mann et al., 1995; Kerbler et al., 1997;
G.E. Mann and Lamming, 2001; Hommeida et al., 2004; Perry et al., 2005; Forde et al., 2009; Forde et al.,
2011). In another recent report, cows with P4 concentrations lower than 5 ng/mL on day 14 were more
likely to lose pregnancy from day 28 to 63 of gestation (Kenyon et al., 2013).

1.4.2 Estradiol function

During estrus, elevated E2 concentrations increase epithelial cell height in the fimbria (Murray,
1996) and ampulla (Murray, 1995), and increase ciliation of the LE cells of the fimbria (Murray, 1996). In
addition to this, E2 induces maturation of oviductal secretory organelles and stimulates production and
release of granules from the non-ciliated epithelial cells until day 3 after fertilization (Murray, 1995). An
estradiol-dependent glycoprotein (OGP) is secreted from the oviduct of both cows (King and Killian,
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1994) and sows (Buhi and Alvarez, 2003) at estrus and during early gestation. E2 administration, either
in vitro or in vivo, leads to the synthesis and secretion of OGP by non-ciliated cells of the ovine ampulla
at estrus and on days 1.5, 2, and 3 after fertilization; however, this change was not observed in the
isthmus portion of the oviduct (Murray, 1992; Murray, 1993).
According to literature, in both cattle (Kimmins and MacLaren, 2001; Meikle et al., 2001;
Robinson et al., 2001) and sheep (Spencer and Bazer, 1995; Ing et al., 1996; Kimmins and MacLaren,
2001; Meikle et al., 2001; Robinson et al., 2001; Ing and Zhang, 2004), the pre-ovulatory increase in E2
up-regulates gene expression of both P4 and E2 receptors in the uterine endometrium. The preovulatory increase in circulating E2 concentration increases its own receptor expression in the
endometrium by stabilizing E2 receptor mRNA (Ing et al., 1996; Ing and Ott, 1999) until concentrations
of P4 present during the mid-luteal phase decrease the gene expression of both the P4 and E2 receptors
(Spencer and Bazer, 1995; Meikle et al., 2001; Robinson et al., 2001). It seems that E2-induced upregulation of the P4 receptor is a key physiological process that allows for proper endometrial gland
secretions to support embryo survival in response to increased mid-luteal P4 concentrations (Ing and
Zhang, 2004).
Concentrations of E2 during proestrus are also critical in determining the lifespan of the CL
(Garcia-Winder et al., 1986; Mann and Lamming, 2000; Kieborz-Loos et al., 2003), as lesser pre-ovulatory
E2 concentrations may alter the normal cyclic expression of P4 and E2 receptors (Mann and Lamming,
1995; Robinson et al., 2001), resulting in elevated gene expression of OT receptors and the release of
PGF2α. In addition, other functions of pre-ovulatory E2 are to increase insulin-like growth factor-1 (IGF1) mRNA in the uterus (Robinson et al., 2000) and oviduct (Pushpakumara et al., 2002) during
fertilization and early embryo development.
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Overictomized ewes have been extensively used as models to study the effect of E2 on
pregnancy establishment. Ewes that did not receive exogenous E2, similar to those obtained upon
estrus, failed to deliver a normal embryo after 21 days of gestation induced by synchronous embryo
transfer (Miller and Moore, 1976). Eliminating E2 lead to a decrease in the rate of uterine protein
synthesis, the ratio of total RNA to total DNA and also uterine weight reduction in comparison with
those animals that received adequate amounts of exogenous E2 (Moore and Miller, 1976). In another
study, ovariectomized cows that did not receive E2 could maintain pregnancy until day 21 in a similar
proportion to those that received either estradiol cypionate (ECP) or estradiol benzoate (EB) to simulate
the pre-ovulatory period. However, by day 29 of gestation the group with no E2 supplementation had a
decreased pregnancy rate compared with the other groups (Roberts et al., 2012). Several studies have
reported the correlation between E2 concentration, ovulation and pregnancy success in beef and dairy
cattle (Vasconcelos et al., 2001; Perry et al., 2005; Lopes et al., 2007).
Another factor associated with greater pregnancy rates in beef cows is the pre-ovulatory
follicle diameter (Souto, 2010; Pohler et al., 2012; Vasconcelos et al., 2013). Follicular diameter and
follicular E2 production seem to have a positive correlation (Ireland and Roche, 1982; Kruip and
Dieleman, 1985) as E2 availability during the pre-ovulatory period is one of the determining factors
associated with a successful pregnancy. The pre-ovulatory follicle circulating concentrations of E2 before
ovulation also affect P4 concentrations in the following estrus cycle (Vasconcelos et al., 2001; Perry et
al., 2005; Bridges et al., 2010), which is a contributing factor to embryonic survival. In order to
investigate different factors related to the ovarian follicle on pregnancy failure, different animal models
have been introduced during the past years. Some models altered the functional status, diameter, and
age of pre-ovulatory follicle (Mussard et al., 2003; Mussard et al., 2007), whereas others varied the
length of proestrus and E2 concentrations while maintaining follicle age and diameter constant (Bridges
et al., 2010; Bridges et al., 2012).
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In addition, the deleterious effects on pregnancy rate of a reduced proestrus duration can still
be observed when embryo transfer is used instead of AI (Mussard et al., 2003). The group from Ohio
State University summarized (Bridges et al., 2013) their results regarding E2 and proestrus length as
following: 1) The sub-fertility related to immature follicles is mostly related with the steroidogenic
capacity of the follicle during proestrus and the subsequent CL, whereas the age or diameter of the
follicle has a lesser degree of importance and, 2) an improper hormonal environment (lower P4 and E2)
results in a reduced ability of the uterus to support the embryo. In two recent studies, the effect of preovulatory E2 concentration on fertility reduction has been investigated using a single ovulation
reciprocal embryo transfer protocol (Atkins et al., 2013; Jinks et al., 2013). Atkin observed an increase in
pregnancy maintenance from day 7 to 27 of gestation induced by increased serum E2 concentration on
day 0 and P4 concentration on day 7 of the recipient cow. In the same studies, it was observed that
concentrations of E2 of the donor cows played a critical role in fertilization rates whereas the E2
concentration of the embryo recipient cow at the time of ovulation used was key to maintain the
pregnancy (Atkins et al., 2013). In a retrospective study, the authors categorized the embryo donor and
embryo recipient cows each into two groups of low E2 (< 8.4 pg/mL) or high E2 (≥ 8.4 pg/mL) based on
serum concentrations of E2 at induced ovulation (Jinks et al., 2013). Their conclusions showed that
ovulation of small dominant follicles induced by GnRH was associated with reduced serum E2
concentrations, fertilization rate (donor cows), and pregnancy establishment (recipient cows).
Furthermore, ECP supplementation during the pre-ovulatory period has a positive effect on pregnancy
rate of cows with smaller dominant follicles. Other indirect effects of manipulating the pre-ovulatory E2
include the alteration of gene expression of oxytocin receptors (OTR) and cyclooxygenase-2 (COX-2) in
the uterine endometrium on day 5 of the estrus cycle (Bridges et al., 2005). In another study, the preovulatory concentrations of E2 were assessed on gene expression of OTR and proenkephalin on days 5
and 10 of the subsequent estrus cycle. The OTR expression decreased from day 5 to 10 in both high and
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low E2 treatments. On the other hand, proenkephalin expression showed no difference between
treatments on day 5 but expression increased from day 5 to 10 only in high E2 cows, which led the
authors to conclude that cows with decreased concentrations of E2 prior to ovulation may be influenced
by changes in uterine protein and receptor expression (Perry et al., 2009). In contrast, Schiefelbein
found no significant change by pre-ovulatory concentrations of E2 on uterine expression of OTR,
estradiol receptor , or nuclear progesterone receptor on days 0 and 16 of the subsequent estrus cycle
(Schiefelbein et al., 2008).
In an evaluation of the transcriptome profile in the bovine endometrium, the term
“decidualization” was more abundant among E2 responsive genes, and although decidualization does
not occur in cattle, it may add to the evidence for the role of E2 in programming the endometrium for
conceptus attachment (Shimizu et al., 2010).

1.5

Effect of proestrus length on pregnancy maintenance
In Bos taurus beef cows, the premature induction of an LH surge when the follicle diameter

reached 10 mm resulted in reduced fertility compared with cows that allowed to proceed to
spontaneous estrus and ovulation (Mussard et al., 2007). It was observed that by early treatment with
PGF2α during an E2/P4 based timed-AI protocol fertility was improved by increasing duration of
proestrous and reducing P4 close to AI (Pereira et al., 2013). In the same study, when two completely
different timed-AI protocols were tested (E2/P4 protocol vs. 5-day Cosynch protocol) it was observed
that a lengthier proestrus improved conception rates (Pereira et al., 2013). Based on previous reports by
Vasconcelos and Perry (2001 and 2005), ovulation of small follicles is associated with a reduction in
conception rates and E2 concentration in plasma, but also an increase in the incidence of short luteal
phases (Vasconcelos et al., 2001), and increased pregnancy loss (Perry et al., 2005).
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Regarding P4 concentration and proestrus length, it is reported that a short proestrus interval
reduces pregnancy rate after fixed-time AI in beef cattle by inducing the ovulation of a small follicle, and
less functional CL. However, cows with lower P4 concentration during the growth of the ovulatory
follicle had an increase in their pre-ovulatory follicle diameter and subsequent CL diameter and function
(Dadarwal et al., 2013). Administration of ECP 24 hours before AI increased pregnancy rates in cows
induced to ovulate a small dominant follicle (< 12.2 mm)(Jinks et al., 2013). The capability of P4 for
regulating frequency of LH pulses is dependent on a progressive concentration of P4. If P4 concentration
falls below a certain level (above basal level), LH pulse frequency increases and it has the ability to
stimulate growth of the dominant follicle, on the other hand, sub-luteal concentrations of P4 inhibit
ovulation (Kinder et al., 1996). From these results, they have concluded that during estrus
synchronization, lower concentrations of P4 during the period of progestin treatment can accelerate
maturity of the dominant follicle upon estrus, therefore, increasing E2 concentration with positive
impacts on fertility.
In some studies, the effect of exogenous gonadotropins on follicular maturity has been
reported. Tribulo et al. (2002) noted that beef cows treated with equine chrionic gonadotropin (eCG) on
the 5th day of an 8-day E2 program resulted in increased pregnancy rates in embryo transfer recipients
(Tribulo et al., 2002). Some other studies also reported an increase in ovulatory follicle diameter and
timed-AI pregnancy rate by using exogenous eCG at the start of proestrus in an E2-based protocol
(Baruselli et al., 2004; Dias et al., 2009; Peres et al., 2009) .

1.6

Interferon, pregnancy stimulated genes in reproductive tissue
The pre-implantation phase is a critical period in which modifications are made and the

environment of the endometrium becomes capable of receiving the embryo for elongation and
implantation. On the other hand, by the time the embryo reaches the site of implantation, it starts
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sending recognition signals to the endometrium in order to block luteolysis and sustain the secretion of
P4. Different changes related to suppression of immune system, morphogenesis and development, and
attachment are involved in the process of endometrium receptivity.

1.6.1

Genes involved in endometrium receptivity

1.6.1.1 Immune-related genes

Immunologically, the fetal tissue is considered an allograph (foreign) to the maternal
environment, thus the endometrium is required to build mechanisms to favour immune-tolerance,
which includes the modification of immune-modulatory gene expression.
CXCL10 (C-X-C motif chemokine 10)

Chemokine family contains small secreted polypeptides which specifically act towards attraction
of leukocyte subsets through binding to cell-surface receptors. Members of this family have been
reported to participate in reproductive events such as embryo implantation, parturition, ovulation, and
also in pathological conditions like preterm delivery, endometriosis and the ovarian hyper-stimulation
syndrome (Lusso, 2006). In the apposition phase of embryonic implantation, blastocysts-endometrium
communication depend on presence of soluble mediators like cytokines, chemokines and some factors
which produced to act in a bidirectional way (Dominguez et al., 2003). There is a report of more than 11fold up-regulation of CXCL10 in pregnant cows compared with non-pregnant cows (Cerri et al., 2012).
Studies in ewe showed CXCL10 mRNA localization to monocytes in the sub-epithelial stroma of uteri in
pregnant ewes. In the ovine uterus, they observed the CXCL10 expression on day 17 in the uterine
lumen, and the chemokine receptor 3 was localized to trophectoderm (Nagaoka et al., 2003; Imakawa et
al., 2006).
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There is evidence that CXCL10 enhanced the cytotoxicity of T cells and stimulate the production
of pro-inflammatory cytokines in mice (Cappello et al., 2004; Nakayama et al., 2004; Kim et al., 2005).
Experiments performed in cows showed that CXCL10 and CXCL11 were down-regulated in the sub-fertile
cows (Walker et al., 2012). They are usually up-regulated upon pregnancy and act to attract immune
tolerance-promoting uterine natural killer cells to the site of implantation in humans (Dominguez et al.,
2003; Cox et al., 2008; Dominguez et al., 2008; Li et al., 2010). Additionally, they attract the trophoblast
to the endometrium, and CXCL10 promotes adhesive activity of the trophoblast through stimulation of
integrin expression in ruminant species (Nagaoka et al., 2003a; Nagaoka et al., 2003b; Imakawa et al.,
2005; Imakawa et al., 2006; Spencer et al., 2008).
PTX3 (Pentraxin 3)

PTX3 is the prototypic long member of pentraxin family and its first observation goes back to
1990’s when it was reported as a cytokine-inducible gene in endothelial cells and fibroblasts. The
original discovery of PTX3 indicated its role as early induced protein in response to pro-inflammatory
stimuli and also a soluble pattern recognition molecule involved in the innate immune-response
(Garlanda et al., 2005). It was observed an up-regulation of PTX3 in pregnant cows specifically in the
caruncles’ area of the endometrium (Walker et al., 2010a), but other have also found this up-regulation
in the inter-caruncular tissue (Cerri et al., 2012). When PTX3 binds to the c1q, it leads to the activation
or inhibition of the classical complement pathway (Nauta et al., 2003; Popovici et al., 2008). There is also
an association between greater level of PTX3 and pre-eclampsia, a condition in which endothelial cells
become dysfunctional (Cetin et al., 2006; Rovere-Querini et al., 2006; Akolekar et al., 2009; Castiglioni et
al., 2009; Cetin et al., 2009) and produce pro-inflammatory factors (TNFα, IL-1, and IL-10) which induce
PTX3 synthesis (Wisniewski and Vilcek, 2004; Nauta et al., 2005; Doni et al., 2006). PTX3 deficiency has
been reported in mice infertility (Tranguch et al., 2007). Some common cells which express PTX3 are
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amniotic epithelium, chorionic mesoderm, trophoblast terminal villi, and perivascular stroma of
placentas, and increases throughout pregnancy with a peak at delivery (Rovere-Querini et al., 2006).
TRD (T cell receptor delta)

The T-lymphocyte antigen recognition mechanism mimics the one used by B-cells to produce
immunoglobulins. Mature T-cells are classified by expressing either alpha and beta (αβ) or gamma and
delta (γδ) chains. The T-cell receptor chains are bound to membrane and they need a cell-cell contact for
activation. One of the γδ T cell features is that they may recognize antigens directly without major
histocompatibility complex (MHC) presentation. The genes that encode for T-cell receptor delta chain
are grouped within the T-cell receptor alpha chain locus on chromosome 14 ( Janeway et al., 2001). TRD
gene has been reported as an important cell regulating the embryo–maternal relationship (SzekeresBartho et al., 2001). There is a greater number of γδ T cells present in the uterus of pregnant mice
compared with non-pregnant ones (Heyborne et al., 1992). As previously noted, γδ T cells, unlike the αβ
T cells, are not restricted to MHC presentation by antigens and have the ability to recognize
unprocessed antigens; thus, γδ T cells are likely to interact with the conceptus during pregnancy because
γδ T cells need the conceptus for activation.
In humans, there is an association between γδ T cells and the production of Interlukin 10 ( IL-10)
and transforming growth factor β1 (Nagaeva et al., 2002; Mincheva-Nilsson, 2003), classical
immunosuppressive molecules that emphasize the importance of γδ T cells as immuno-modulatory
molecules during pregnancy. One report did not find a significant change in endometrium TRD gene
expression caused by pregnancy on day 17 of gestation, however, a two-fold increase caused by
lactation was observed (Cerri et al., 2012). It is believed that the most abundant lymphocyte population
in the sheep’s endometrium during all but early pregnancy is the γδ T cell. Endometrial γδ T cells in
sheep showed anti-bacterial and immune-regulatory behavior (LEE et al., 1992; Nasar et al., 2002).
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Depletion of specific subtypes of γδ T cells in mouse resulted in abortion and unsuccessful delivery
which is indicative of feto-protective and abortogenic characteristics of γδ T cells, which the former is
more abundant in pregnancy (Arck et al., 1997).
IL-10 (Interlukin 10)

IL-10 is an immune-suppressive cytokine and originally thought to be produced only by T helper
2 (Th2) cells (Fiorentino et al., 1989). In case inflammation occurs by pathogens, IL-10 inhibits some proinflammatory responses from innate and adaptive immune system and plays a critical role during the
resolution phase of inflammation (Moore et al., 1990). Development of inflammatory bowel disease has
been reported in mice by blocking the IL-10 pathway. Up-regulation of IL-10 expression has been
associated with many chronic bacterial and viral infections. Interestingly, some viruses have the
potential to produce their own version of IL-10 (vIL-10) and directly suppress the immune responses of
the host (O’Garra and Vieira, 2007; Trinchieri, 2007; Gabrysová et al., 2009). In humans during gestation,
placenta produces IL-10 and its concentration decreases just at parturition (Paradowska et al., 1997;
Simpson et al., 1998). Groebner reported a significantly greater gene expression of IL-10 in the
endometrium of pregnant animals on Day 18 (Groebner et al., 2011a) probably plays an important role
protecting the developing embryo (Imakawa et al., 2005). As IL-10 is an anti-inflammatory cytokine, one
function in the early pregnant uterus could be the regulation of the embryo induced local inflammatory
reaction (Pomini et al., 1999; Hanna et al., 2006). It could also function as a regulator of MMP-9 activity
as has been shown in early pregnant women (Meisser et al., 1999).
IDO (Indoleamine 2, 3-dioxygenase)

Indoleamine 2,3-dioxygenase (IDO) which participate in tryptophan catabolism is widely
distributed in various mammalian tissues (Hirata and Hayaishi, 1972; Cook et al., 1980; Yoshida et al.,
1980; Yamazaki et al., 1985). IDO become activated in response to some pathological conditions such as
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viral infection (Yoshida et al., 1979) and tumors (Yoshida et al., 1988), resulting in accelerated
degradation of tryptophan in infected and tumor cells. In a study by Munn, they found that inhibiting
IDO function resulted in enhanced T-cell responses against allogeneic conception and pregnant mice
recognized embryo as an foreign tissue to be rejected (Munn et al., 1998). Groebner also showed an 18fold increase in IDO mRNA on day 18 of pregnancy in heifers and was confirmed by a decrease in
endometrial l-tryptophan and an increase in l-kynurenine observed from day 12 to 18 in pregnant
heifers (Groebner et al., 2011b).
LIFR (Leukemia inhibitory factor receptor)

Leukemia inhibitory factor (LIF) belongs to the interleukin-6 family cytokine and is actually a
pleiotropic cytokine. A variety of cells express LIF receptors such as neurons, megakaryocytes,
macrophages, adipocytes, hepatocytes, osteoblasts, myoblasts, and kidney and breast epithelial cells, as
well some tumor cell lines derived from these tissues (Hilton, 1992). LIF acts by binding to the LIF cellsurface receptor complex. The LIF receptor complex comprises the LIF receptor (LIFR) chain and the
gp130 receptor chain (Gearing et al., 1992; Hirano et al., 1994). Evidence have detected LIF and LIFR in
the rabbit pre-implantation uteri and blastocysts, therefore highlighting its role in feto-maternal
crosstalk (Lei et al., 2004). In other species like mouse embryo (Nichols et al., 1996), bovine embryos
(Eckert and Niemann, 1998) and human embryos (Chen et al., 1999) these ligand and its receptor have
been reported . In human species, the importance of LIFR presence on trophoblast cells is for its growth,
differentiation and modification of the intrauterine environment for Th2 cells predominance (Hoey and
Levine, 1988; Kojima et al., 1995; Piccinni et al., 1998), critical for conceptus survival (Kwak-Kim et al.,
2005). Various studies in sheep indicated an abundancy for LIF mRNA between days 16 and 20 of
gestation. Immunohistochemistry studies also showed this protein is more present in the caruncular and
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intercaruncular LE, but was also present in Glandular Epithelium (GE) and inter-caruncular stromal cells,
as well as in the trophoblast cells of day 17 conceptuses (Vogiagis et al., 1997).
MX1 & MX2 (Myxoviruses)

Myxoviruses (MX1 and MX2) which are recognized as intracellular antiviral proteins belong to
dynamin large GTPase family and they are involved in vesicle formation, intracellular trafficking and
cytokinesis, all related to defense against viruses (Horisberger et al., 1983; Haller and Kochs, 2002;
Racicot et al., 2008). Studies performed in cattle have indicated the importance of these genes in the
uterus during pre-implantation in response to IFNT. The MX1 and MX2 molecules do increase in the
uterine endometrium of ewes (Charleston and Stewart, 1993; Ott et al., 1998) and cows (Hicks et al.,
2003) in response to IFNT during pregnancy. Ott observed a 10-fold increase in MX1 expression in
pregnant ewes compared to cyclic animals and this expression was between day 13 and day 19 detected
in LE, GE, stroma and myometrium (Ott et al., 1998). Similarly, another report indicated a 15-fold
increase between day 12 to 15 of the cycle in pregnant cows compared with cyclic cows (Hicks et al.,
2003). MX1 expression was also detected on day 17 of pregnancy in uterine fluid of sheep (Toyokawa et
al., 2007). In peripheral blood samples of pregnant ewes, MX2 expression had an increase about 48-72
hours after the conceptus started to elongate and produce IFNT (Yankey et al., 2001). Another function
related to MX1 is to facilitate the release of some secretory proteins like ISG15 from the GE during
embryo elongation (Toyokawa et al., 2007). Studies in cows showed that MX2 mRNA is detectable
earlier than MX1 in peripheral blood lymphocyte of pregnant animals and was also more expressed by
day 16 in pregnant compared with non-pregnant cows. In contrast, MX1 was not different between
pregnancy classifications until day 20 (Gifford et al., 2007). In dairy cows, a comparison between
pregnant and non-pregnant cows showed a greater expression of MX2 in pregnant cows on day 18 and
20 compared with day 14 and 16 after AI (Green et al., 2010).
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SLPI (Secretory leukocyte protease inhibitor)

Secretory leukocyte protease inhibitor (SLPI) has been associated with mucosal surfaces, e.g.
lung and cervix (Franken et al., 1989) and is produced by neutrophils (Böhm et al., 1992), macrophages
(Jin et al., 1997) and epithelial cells (Abe et al., 1991). It also shows antibacterial activity against gramnegative and gram-positive bacteria (Hiemstra et al., 1996), antiviral (McNeely et al., 1995) and
antifungal (Tomee et al., 1997) as well as inhibitory effect on lipopolysaccharide (LPS)(Jin et al., 1997).
Presence of SLPI has also been observed in the reproductive system such as in human cervical mucosa
(Casslén et al., 1981), term decidua (Denison, 1999) and seminal plasma (Franken et al., 1989). Glandular
and luminal localization of SLPI has been shown in epithelial cells of pig endometrium (Reed, 1996). In
cow and horse endometrium, SLPI has also been found during pregnancy (Badinga et al., 1994). Studies
by King have indicated that SLPI is produced by endometrial GE cells at the period of uterine receptivity
and P4 increase its expression ( King et al., 2000; King et al., 2003) . Ace and Okulize have also noted upregulation of SLPI during the implanatation phase (days 17–23)(Okulicz and Ace, 2003).
IGHG1 (Immunoglobulin heavy chain gamma)

Immunoglobulin (Ig) [gamma]-1 chain C region (IGHG1), or immunoglobulin heavy chain
[gamma], is one of immunoglubolins isoforms produced by immune system and is the most important
functional isoforms. It has 3 heavy chain constant region domains named CH1, CH2, and CH3
(Deisenhofer, 1981). The CH2 or CH3 domains bind to Fc-[gamma] receptor on the surface of many
effector cells, such as neutrophilic granulocytes, macrophages, monocytes, and natural killer (NK) cell
which induce the antibody-dependent cell-mediated cytotoxicity (Iannello and Ahmad, 2005; Schaedel
and Reiter, 2006) . In a study by Cerri, he has reported that an upregulation in mRNA expression of
IGHG1 by lactation in pregnant cows. According to their interpretation, this gene showed a possible
increase in B lymphocyte activity or an increase in the endometrial B-lymphocyte population in lactating
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dairy cows (Cerri et al., 2012) which could be important in regulating the immune system of embryo
during implantation.
IGLL1 (Immunoglobulin lambda-like 1)

The human immunoglobulin lambda-like (IGLL) genes participate in B cell development and are
only expressed in B cells (Bauer et al., 1993). B cell deficiency agammaglobulinemia could be arise by a
mutation in this gene. Agammaglobulinemia is an autosomal recessive disease in which production of
gamma globulins or antibodies are decreased or inhibited (Minegishi et al., 1998). Proteins encoded by
IGLL genes bring the mu chain to the cell surface (Melchers et al., 1993; Lassoued et al., 1996), and they
have been estimated if the re-arrenged mu chain could effectively bind to light chains. Effect of upregulation of IGLLL1 was also investigated in a study by Cerri who showed approximately 2- to 8-fold
increase by lactation in his study emphasizing the effect of lactation on the normal mechanism of early
embryonic development (Cerri et al., 2012).
1.6.1.2 Genes involved in the PGF2α cascade

OTR (Oxytocin receptor)

Oxytocin, a neurohypophyseal peptide hormone is synthesized in the hypothalamus and is
transported to the posterior pituitary. By the time, a stimulus exists, then oxytocin is released into
circulation. In ruminants, as part of an endocrine positive feedback loop luteal oxytocin is synthesized
and with contribution of endometrial prostaglandin is thought to regulate luteolysis (Flint et al., 1994).
Studies on the expression of oxytocin during pregnancy showed that there is a significant decline in
concentration of luteal oxytocin and oxytocin mRNA within the first days of pregnancy (Ivell et al., 1985;
Jones and Flint, 1988; Ivell et al., 1990), however, oxytocin peptide is detectable at low levels in the first
trimester. In cows and ewes`s CL, Oxytocin is present in high concentrations (Wathes and Swann, 1982).
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During the luteal phase of estrous cycle, oxytocin is secreted with P4 in a pulsatile pattern (Walters et
al., 1984). It has been observed that injection of exogenous oxytocin stimulates release of uterus P4 in
cows (Newcomb et al., 1977). To initiate luteolysis in ruminants, the endometrial OTRs need to be
upregulated (McCracken et al., 1999). It starts with binding of oxytocin to endometrial OTR and initiation
of pulsatile secretion of PGF2α which results in luteal regression (Flint and Sheldrick, 1983). In cattle,
there is an increase in OTR concentration preceding luteolysis which occurs between days 15 and 17
(Jenner et al., 1991; Robinson et al., 1999).
COX-2 (Cyclooxygenase-2)

COX1 and COX2 are two isoforms encoded separately by COX gene. These two isoforms are also
known as prostaglandin endoperoxide H synthases 1 and 2 (Smith et al., 2000). The reaction catalyzed
by COX is the conversion of arachidonic acid into prostaglandin 2. Unlike COX1 which is widely expressed
in a variety of tissues , COX2 is induced in response to cytokines or tumor promoters (Sirois and
Richards, 1992). Endometrial COX2 expression in cows and sheep has been found to be induced when
luteolysis is expected which is almost late diestrus, on the other hand, COX1 expression was constant in
sheep and hard to detect in cows during the estrous cycle (Charpigny et al., 1997; Arosh, 2002).
Generating COX2 deficient female mice has created infertile mice which are also suffering some
abnormalities in ovulation, fertilization, implantation, and decidualization (Dinchuk et al., 1995;
Langenbach et al., 1995; Lim et al., 1999). COX-2 is also responsible for prostaglandins presence in
different form of inflammation which is inhibited by glucocorticoid hormones (O’Banion et al., 1992;
Herschman, 1996).
COX2 is required for normal blastocyst implantation and decidualization in mice as product of
this enzyme contributes for angiopoietin signaling that influence uterine vascular permeability and
angiogenesis (Lim et al., 1999; Matsumoto et al., 2002; Parent et al., 2003). Studies by Parent et al. have
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demonstrated the correlation of prostaglandins production with COX2 in bovine endometrium as
increase in prostaglandin production modulate the PGE2/PGF2α ratio and improve the pregnancy
establishment (Parent et al., 2003).
StAR (Steroidogenic acute regulatory)

One of the important regulator of steroid hormone biosynthesis is steroidogenic acute
regulatory protein (stAR) (Clark and Stocco, 1997; Stocco, 1997). Cholesterol, the substrate of steroid
biosynthesis needs to be translocated from intra-mitochondrial to the cytochrome p450 side chain
cleavage enzyme, for this purpose stAR protein is needed (Clark et al., 1994). Different species have
reported to express stAR in their ovaries such as mouse (Clark et al., 1995), rat (Sandhoff and McLean,
1996), rabbit (Townson et al., 1996), human (Sugawara et al., 1995), sheep (Juengel et al., 1995), cow
(Hartung et al., 1995; Pescador, 1996), and pig (Pilon et al., 1997). stAR acts towards the regulation of
steroid production in the CL. Studies have showed that there were a high expression of stAR when CL is
functional ,however, by the time Cl regress, stAR expression is reduced (LaVoie et al., 1997; Pollack et
al., 1997). It has been shown that cAMP (Clark and Stocco, 1997) and PGF2α (Juengel et al., 1995;
Pescador et al., 1996; Sandhoff and McLean, 1996a), could affect stAR expression.
3βHSD (3 Beta-hydroxysteroid dehydrogenase)

Another gene, which is responsible for encoding the steroidogenic enzyme 3p3-hydroxysteroid
dehydrogenase/A5 -A4 isomerase, is called 3βHSD and participate in oxidation and isomerization of the
precursor pregnenolone to synthesize P4. 3βHSD has shown high activity in the CL (Caffrey et al., 1979).
It has been investigated that hCG has positively contributed to the up-regulation of mRNA coding 3βHSD
in porcine granulosa cells (Chedrese et al., 1990). In the bovine CL, quantity of 3βHSD mRNA were
reported low on days 18-20 of the estrous cycle (Couët et al., 1990).
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PGF2α receptor

In ruminants, uterus release PGF2α and it reaches CL when luteal regression is occurring and it
happens through a countercurrent system between uterine vein and ovarian artery. Rapid decline in P4
secretion and degeneration of vasculature and apoptosis of steroidogenic cells are specific features in
luteolysis (Niswender et al., 2000). In cow, the major luteotropic factor in luteal function is LH, whereas
the primary inducer of luteolysis is PGF2α. PGF2α acts on target cells by a specific plasma membraneassociate receptor, PGF2α receptor. PGF2α receptor presence was detected on steroidogenic luteal cells
(Balapure et al., 1989; Gadsby et al., 1990; Sakamoto et al., 1995). Studies in porcine CL regression (Bacci
et al., 1996) has indicated that cloprostenol (a PGF2α synthetic analogue) could induce apoptosis in
luteal endothelial cells then apoptosis of steroidogenic cells which shows CL regression begins with early
response of endothelial cells to PGF2α. An evidence supporting this study also showed PGF2α receptor
expression in bovine endothelial cells derived from CL (Mamluk et al., 1998).
1.6.1.3 Adhesion molecules

LGALS3BP (Lectin galactoside soluble 3 binding protein)

LGALS3BP is an IFN-stimulated gene which codes for an adhesion protein of extracellular matrix
(ECM) and also it has the self-assembly ability and binds b1 integrins, collagens and fibronectin (Sasaki et
al. 1998). In situ hybridisation revealed that LGALS3BP had significant expression in LE area and they
suggest a role for this protein regarding adhesion of conceptus (Walker et al., 2010b). In Okumu study,
they detected LGALS9 and LGALS3BP expression at low levels in both pregnant and non-pregnant
endometria until day 13, however, On day 16, their expression significantly increased only in the
pregnant heifers (Okumu et al., 2011). LGALS3BP also can bind to Galectin -1, -3 and -7, which could
promote cell-cell adhesion through bridging between galectin molecules bound to ECM
components (Inohara et al., 1996; Sasaki et al., 1998) .
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TIMP-2 (Tissue inhibitor of metalloproteinases)

TIMP-2 is a proteinase inhibitor and regulates extracellular matrix integrity by controlling the
activity of matrix metalloproteinases. There are 4 different TIMPS (Brew and Nagase, 2010). TIMP2 has
the unique ability to activate matrix metalloproteinase-2 (MMP2) by formation of a tri-molecular
complex with pro-MMP2 and membrane type 1 MMP (Strongin et al., 1995). Ledgard has reported an
elevated expression of all TIMP-2 transcripts in the bovine endometrium between Days 13–19, of the
oestrous cycle (Ledgard et al., 2009) and it was in agreement with the up-regulation seen in the cow and
sheep in previous studies (Salamonsen, 1999; Bauersachs et al., 2005). By the mid-luteal phase TIMP2
increases extensively and if its abundancy was at the interface of epithelial and stromal cell, this
increase could lead to the activation of MMP2 by the TIMP2/MMP14/pro-MMP2 complex at the cell
surface into the extracellular space (Curry and Osteen, 2003). Consequently, TIMP2 causes stimulation
of MMP2 which mediate releasing of growth factors for facilitating endometrium receptivity by the time
of conceptus elongation.
CDH1 (E-cadherin)

Cell-cell adhesion molecules contain CDH1 which plays an essential role in the maintenance of
cell differentiation and the normal architecture of epithelial tissues. E-cadherin function rely on a proper
interaction with the catenin– cytoskeleton complex in the cytoplasmic space and the E-cadherin dimers
between neighbouring cells in the intercellular space (Takeichi, 1995). Experiment in mice with CDH1
mutation showed severe abnormalities at the transition from compacted morula to blastocyst because
they could not develop correct adhesion junctions in the trophectoderm and die around the periimplantation period (Larue et al., 1994; Riethmacher et al., 1995) . Reardon reported that CDH1 is one of
the critical regulators of uterine formation and development. These authors came up with different role
for CDH1 by their results. First, loss of CDH1 in the neonatal uterus resulted in endometrial glands
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ablation and causes infertility as a result of abnormal implantation and decidualization. Second, they
recognized an ability for CDH1 to control cell fate by altering directional cell proliferation and apoptosis.
They developed a model in which they could deplete both CDH1 and Trp53 in the uterus on a
conditional basis way, CDH1 loss interrupted cell cycle regulation leads to abnormal uterine
development (Reardon et al., 2012). CDH1 expression is distributed within the cytoplasm of trophoblast
bi-nucleate cells in the bovine placentome. Hence, the loss of CDH1 as conceptus attachment to luminal
epithelium may play a role in the transition in gene expression required for the successful progression
from implantation to placentation (Nakano et al., 2005).
CLD4 (Claudin 4)

Claudins are major cell adhesion molecules in tight junctions involved in intercellular sealing in
simple and multilayer epithelia. CLDN4 is more likely to be involved in cell adhesion between epithelial
cells of the endometrium regulating for example, permeability of the epithelium (Tsukita and Furuse,
2002). Studies in bovine showed up-regulation of CLD4 in the endometrium during early pregnancy
(Bauersachs et al., 2006) and during the luteal phase of the estrous cycle (Mitko et al., 2008). Other
microarray studies in human endometrium also noted an increase in CLDN4 mRNA expression at the
window-of-implantation (Carson et al., 2002; Kao et al., 2002; Borthwick et al., 2003; Riesewijk et al.,
2003).
EMMPRIN (Extracellular matrix metalloproteinase inducer)

Extracellular matrix metalloproteinase inducer (EMMPRIN) which is a cell surface glycoprotein
has two extracellular domain structures, extracellular domain-I and -II (Miyauchi et al., 1990; Miyauchi
et al., 1991). It has been established an association between MMPs regulation and domain I (Sato et al.,
2009). EMMPRIN participate in different biological activities such as tumor metastasis (Muramatsu and
Miyauchi, 2003), ovulation (Smedts and Curry, 2005), the menstrual cycle (Noguchi et al., 2003) and
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embryo implantation and placentation (Kuno et al., 1998; Chen et al., 2007; Mishra et al., 2010). In some
studies, EMMPRIN has been thought to exert its effect by activating the expression of several MMPs but
with no effect on TIMPs expression (Caudroy et al., 2002; Chen et al., 2009; Gibson et al., 2011), in order
to favor MMP production and activation. Expression of EMMPRIN at the feto-maternal interface in the
bovine endometrium has been reported which supports the idea for its role in embryo implantation and
placentogenesis (Mishra et al., 2010; Mishra et al., 2012).
GLYCAM-1 (Glycosylation-dependent cell adhesion molecule 1)

Glycosylation-dependent cell adhesion molecule 1 (GlyCAM-1) which is a sulfated mucin-like
glycoprotein that secretes into endothelial venules of peripheral and mesenteric lymph nodes (Lasky et
al., 1992). In lymph nodes, GlyCAM-1 acts as a ligand for the leukocyte cell surface adhesion molecule, Lselectin. A classic cascade starts by binding of GlyCAM-1 to L-selectin and activation of β1 and β2
integrins, consequently a firm adhesion establishes between integrin and fibronectin for extravasation
of blood-borne lymphocytes into secondary lymph (Rosen, 1993; Hwang, 1996; Giblin et al., 1997; Dwir
et al., 2001). A temporal and spatial patterns of expression of GLYCAM-1 has been reported which
indicate a possible mediatory role in implantation regulated by P4 (Spencer, 1999). In pregnant ewes,
different pattern of GLYCAM-1 expression has been observed in uterine flushings, low on days 11 and 13
but abundant on days 15 and 17 (Spencer et al., 2004).
L-selectin (SELL)

SELL is an extracellular binding protein which is expressed by Neutrophils. SELL has a weak
interaction with endothelial cell wall and allow the neutrophil to “roll” down along the wall to monitor
for any possible local infection. Once the signal received by neutrophil, SELL, in response to these
signals, leaves the surface of the neutrophil and allow other adhesive molecules to express on its
surface. These molecules essentially enhance the attachment of the neutrophil within the blood vessel
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adjacent to the site of infection (Lawrence and Springer, 1991). An immunohistochemistry analysis of Lselectin ligand in human uterus samples using MECA-79 and HECA-452 antibodies found that they were
widely on LE and GE in the human uterus (Lai et al., 2005; Shamonki et al., 2006). Genbacev showed
these antigens are up-regulated in the human endometrium during the receptivity period for embryo
implantation. They concluded that interactions between L-selectin on human blastocysts and
oligosaccharide ligands on endometrial epithelia is important for initial adhesion of embryo for
implantation (Fukuda and Sugihara, 2007).
SPP1 (Secreted Phosphoprotein 1)

SPP1 belongs to the small integrin binding ligand and a glycoprotein which is mostly activated in
process such as bone mineralization, cancer metastasis, cell-mediated immune responses, inflammation,
and angiogenesis (Butler et al., 1996; Weber and Cantor, 1996; Giachelli and Steitz, 2000; Denhardt et
al., 2001). SPP1 binds to cell surface integrin receptors, including αvβ3 (ITGAVB3) (Senger et al., 1994),
α5β1 (ITGA5B1) (Barry et al., 2000), αvβ1 (ITGAVB1) (Hu et al., 1995), αvβ5 (ITGAVB5) (Hu et al., 1995),
αvβ6 (ITGAVB6) (Yokosaki et al., 2005), and α8β1 (ITGA8B1) (Denda et al., 1998). SPP1 Binding to these
various receptors mostly affects the adhesion ability of cells including cell to cell contact , cell-to-ECM
adhesion, leukocyte, smooth muscle cell, endothelial cell chemotaxis, endothelial and epithelial cell
survival, macrophage, and tumor cell migration (Singh et al., 1990; Senger et al., 1994; Hu et al., 1995;
Liaw et al., 1995; Smith et al., 1996; Denda et al., 1998; Katagiri et al., 1999). Experiments in ewes have
indicated that SPP1 is critical for embryo implantation and is one of important component of uterine
histotroph regulated by P4 (Johnson et al., 2000). In UGKO ewes, SPP1 is absent (Gray et al., 2002).
Gabler indicated that SPP1 is secreted by oviductal cells, however, they have been suggested that P4 is
not responsible for oviductal secretion (Gabler et al., 2003). One of the main function attributed to SPP1
is to bind to the αvβ3 integrins present on the LE and trophectoderm of the conceptus (Johnson et al.,
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2001). SPP1 is present by day 16 of pregnancy, but the cellular localization of the αvβ3 integrin is
different in cows compared with sheep (Kimmins et al., 2004).
MMP19 (Matrix metalloproteinases 19)

Matrix metalloproteinases (MMPs) are considered zinc-dependent endopeptidases and they
participate in ECM degradation by degrading extracellular molecules, so by involving in these activities,
they play important role in regulating normal physiological processes, such as embryonic development,
reproduction, and tissue remodeling, as well as in cell proliferation, migration, differentiation,
angiogenesis, apoptosis and host defenses (Visse and Nagase, 2003). MMP19 is also a member of MMPs
family which is expressed in different human tissues such as mammary gland, placenta, lung, pancreas,
ovarian, and other tissues (Pendás et al., 1997). MMP19 also promotes proliferation, migration, and cell
adhesion of keratinocytes (Hägglund et al., 1999; Mysliwy et al., 2006). Because theca and granulosa
cells also express MMP19, it has been suggested that it is functional during follicular growth, ovulation,
and luteal regression (Murray, 1995; Sadowski et al., 2003; Jo and Curry, 2004) .
At the time of embryo implantation, MMPs are critical for the basement membrane and ECM
degradation which is important as trophoblast cells invade the endometrium (Curry and Osteen, 2003).
Studies in bovine endometrium reveled that MMP19 is important for the regulation of conceptus
attachment (Bauersachs et al., 2008). Mamo demonstrated that the genes of MMP-2, MMP-13, MMP-19
and FURIN, among others genes are up-regulated between the 16th and 19th day of pregnancy in the
cow, which suggests a role in maternal recognition and initiation of implantation (Mamo et al., 2011).
SERPINA14 (Serine peptidase inhibitors 14)

Serpins which are composing the largest and widely distributed superfamily of protease
inhibitors and based on phylogenetic studies, eukaryotic serpins have classified into 16 'clades' (Irving et
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al., 2000; Rawlings et al., 2004). Different functions have been offered for serpins sucha as DNA binding
and chromatin condensation in chicken erythrocytes (Grigoryev and Woodcock, 1998; Irving et al.,
2002), dorsal-ventral axis formation and immunoregulation in Drosophila and other insects (Levashina,
1999; Ligoxygakis et al., 2003), embryo development in nematodes (Pak et al., 2004) and control of
apoptosis (Ray et al., 1992). As a mechanism to prevent antibody-mediated actions against the
conceptus semi-allograft, it has been shown that Ovine SERPINA14 form complexes with
immunoglobulin A and M (Hansen and Newton, 1988). Gene expression analyses in bovine
endometrium indicated that SERPINA14 mRNA had a greater levels at estrus in the presence of high
levels of E2 compared with the period of P4 dominated diestrus phase (Bauersachs et al., 2005; Mitko et
al., 2008b). On the other hand, when pregnant and non-pregnant cows were compared at day 18,
SERPINA14 mRNA was up-regulated during the pre-implantation phase although equal levels of P4 was
predominant (Klein et al., 2006). By effect of P4, endometrium secretes SERPINA14 in bovine, ovine and
in porcine (Ing et al., 1989; Mathialagan and Hansen, 1996; Tekin et al., 2005). As conceptus starts to
grow, SERPINA14 provides direct nutrition to it, and also controls growth, proteolytic activities and
suppression of the maternal immune system for sustaining pregnancy. SERPINA14 involves in inhibition
of lymphocyte proliferation in ovine (Ulbrich et al., 2009) during the estrous cycle (days 13-15) and in
pregnancy (days 15-50). SERPINA14 has also been reported to be important on day 25 of pregnancy in
goat (Stewart et al., 2000).
MYH9 & MYH10 (Myosin heavy chain)

Myosin heavy chain contains three different protein myosin IIA, IIB, and IIC which are encoded
by MYH9, MYH10, and MYH14 genes, respectively (Saez et al., 1990; Simons et al., 1991;Leal et al.,
2003). Myosin II motor proteins are present in almost every tissue and show 64–89% similarity in the
amino acid sequences of their heavy chains (Golomb et al., 2004), although they have different ability in
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their motor activities, molecular interactions, cellular and tissue distributions (Kolega, 1998; Wylie and
Chantler, 2001; Sandquist et al., 2006; Zhou and Wang, 2008; Vicente-Manzanares et al., 2009). MYH10
expression is required for contributing in the outgrowth of the neuritic processes and the role of MYH9
is also important in mediating neurite retraction (Wylie et al., 1998; Bridgman et al., 2001; Wylie and
Chantler, 2001). MYH10 drives also exocytosis, an essential cellular process known to secrete signaling
molecules at the leading edge of migrating mammalian cells (Mochida et al., 1994; Takagishi et al.,
2005). MYH9 helps chemokine receptor 4 endocytosis in migrating T lymphocytes (Rey et al., 2007).
From Betapudi Studies, MYH9 and MYH10 have been shown to participate in extending lamellipodia, a
critical step in the initiation of cell invasion, spreading and migration (Betapudi et al., 2006).
MYL12A (Myosin light chain)

MYL12A which is another member of myosin II family encodes a non-sarcomeric myosin
complex component with calcium ion binding regulatory functions that found to be important in signal
transduction mechanisms, cytoskeleton formation, cell division and chromosome partitioning (Maglott
et al., 2011). There are three member of myosin family which have light chain and are as follows: myosin
light chain 12A regulatory (MYL12A), myosin light chain 12B regulatory (MYL12B) and myosin light
polypeptide 9 regulatory (MYL9)(Grant et al., 1990). The mammalian orthologues of MYL12A and
MYL12B have been considered to be non-muscle regulatory light chain (RLC) genes (Grant et al., 1990).
In Park study, they have reported that at the cellular level, RLCs encoded by MYL12A and MYL12B are
critical for the stability of MHC IIs and essential light chain, including complexes involving MYH9, MYH10
and MYL6, in fibroblasts studied using short interfering RNA-mediated knockdown (Park et al., 2011).

33

1.6.1.4 Growth and developmental genes

Wnt signaling pathway

One of the main and critical signaling pathway being activated during embryogenesis and
development is called wnt signaling which directs cell polarity, cell proliferation and cell fate
determination (Logan and Nusse, 2004). It has been shown that mutation in wnt signaling pathway can
cause birth defects, cancer and other disease (Clevers, 2006). Canonical wnt signaling which is the focus
of this thesis functions by regulating the amount of the transcriptional co-activator β-catenin that
controls key developmental gene expression programs. When wnt ligands are not available, wnt
signaling is inhibited by degrading β-catenin for controlling cell proliferation. Degrading complex consists
of scaffolding protein Axin, the tumor suppressor adenomatous polyposis coli gene product (APC),
casein kinase 1 , and glycogen synthase kinase 3 (GSK3)(He et al., 2004).
So by continuous elimination of β-catenin, it is inhibited to reach the nucleous, consequently,
wnt target genes are suppressed by the DNA-bound T cell factor/lymphoid enhancer factor (TCF/LEF)
family of proteins. Once Wnt/β-catenin pathway become activated signals transduces by binding a wnt
ligand to a seven-pass transmembrane Frizzled (Fz) receptor and its co-receptor, low-density lipoprotein
receptor related protein 6 (LRP6) or its close relative LRP5. The formation of a likely Wnt-Fz-LRP6
complex and involving the scaffolding protein Dishevelled (Dvl) results in LRP6 phosphorylation,
activation, and the recruitment of the Axin complex to the receptors. These events compete with Axinmediated β-catenin phosphorylation. β-catenin then accumulates and travels to the nucleus to form
complexes with TCF/LEF and activates Wnt target gene expression.
Dickkopf-related proteins (DKKs) are wnt signaling inhibitors. DKK1 and DKK2 members of this
family bind to 5/6 with high affinity to initiate the inhibition (Bafico et al., 2001; Mao et al., 2001;
Semënov et al., 2001). DKK1 initially has been recognized as a gene which confers Spemann’s head
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organizer activity in Xenopus embryos. DKK1 is specifically expressed in the anterior mesendoderm and
co-expression of it with bone morphogenic inhibitor (BMP) inhibitors induces entire ectopic heads
(Glinka et al., 1998). In zebrafish, DKK1 acts in organization part of gastrulating embryos (Hashimoto et
al., 2000; Shinya et al., 2000) and promotes, when overexpressed, anterior neural development. Studies
by Dkk1 heterozygous mice have shown that they are normal and fertile, however, mice double
heterozygous for DKK1 and the BMP inhibitor Noggin show head defects similar to those
of DKK1 homozygous mutants (del Barco Barrantes et al., 2003), therefore it emphasize the importance
of BMP and Wnt signals inhibition for head development (Glinka et al., 1997).
AXIN as an important member in destruction complex targets β-catenin for degradation in case
wnt ligand is not present. It has two homolog, each acting in different way, AXIN1 and AXIN2. AXIN1
depletion in mouse results in early embryonic loss due to deformities induced by duplication of the
anterior–posterior body axis, a consequence of excess activity of the canonical Wnt pathway
(Gluecksohn-Schoenheimer, 1949; Zeng and Schultz, 2003). AXIN2 has also a regulatory role in wnt
signaling (Behrens et al., 1998). Although Axin1 shows a ubiquitous expression, AXIN2 expression is
induced by canonical Wnt signaling and its expression pattern highlights cells with active wnt signaling
(Jho et al., 2002; Lustig et al., 2002). AXIN2 has also the ability to inhibit wnt signaling. Studies in AXIN2
null mice have indicated tissue-specific increase in wnt signaling leading to defects in skull formation (Yu
et al., 2005) and tooth development (Lammi et al., 2004). Wnts are secreted glycoproteins that have
roles in tissue differentiation and organogenesis (Cadigan and Nusse, 1997). WNT3 expression has been
reported in discrete dorsal and lateral regions of the diencephalon and the dorsal spinal cord of midgestation mouse embryos and in the adult brain (Roelink and Nusse, 1991; Parr et al., 1993). In Liu
studies, they have concluded by detecting WNT3 expression in gastrulation stage of mouse
embryogenesis that WNT3 has role in the formation of early streak and also production of mesoderm
and endoderm (Liu et al., 1999).
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Different wnt ligands usually have different receptors to pass signals and each of them has the
ability to activate specific interactions during development. WNT3 can transduce signal with FZD7 ligand
and their interaction has been reported in human, chicken and Xenopus (Medina et al., 2000; Swain et
al., 2001). In Chicken and Xenopus, FZD7 orthologs induce β-catenin–TCF/LEF signaling cascade
activation during neural crest induction (Sumanas et al., 2002; Lewis et al., 2004; Abu-Elmagd et al.,
2006). In Human liver cancer, WNT3 signal transduction through FZD7 activates the β-catenin–TCF/LEF
signaling cascade (Kim et al., 2008).
Another wnt ligand studied in this thesis is WNT2 which has been known to have interaction
with FZD4 in rat granulosa cells (Ricken et al., 2002). Direct binding of WNT2 to FZD4 derived from
hepatic sinusoidal endothelial cells has also been indicated (Klein et al., 2008). Another receptor for
WNT2 which has been studied is FZD8 and studies by Bravo has indicated FZD8 activation by WNT2
ligand in non-small cell lung cancer (Bravo et al., 2013).
MSX1 (Msh homeboxe 1)

There are different types of developmental regulatory genes that encode transcriptional
repressors. Murine homeobox gene MSX1 encodes a homeodomain-containing protein that functions as
a transcriptional repressor (Catron et al., 1993; Catron et al., 1995). MSX1 has been reported to be
expressed in different parts of the embryo like the neural tube, the limb buds, and derivatives of the
cranial neural crest (Hill et al., 1989; Robert et al., 1989; Robert et al., 1991; Lyons et al., 1992). All these
diverse regions have something in common which is being involved in epithelial-mesenchymal
interactions, indicating that MSX1 may be involved in inductive influences between these tissues (Wang
and Sassoon, 1995). Targeted disruption of MSX1 leads to a range of developmental abnormalities
which the most deleterious are craniofacial structures (Satokata and Maas, 1994). It seems that there is
a high expression of MSX1 in adult mouse uterine epithelium which after embryonic implantation
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decreases in order to regulate uterine epithelial morphology and also maintain the adult uterus in
situation being responsive to both morphogenetical and developmental endometrium re-constructure
(Pavlova et al., 1994). Ishiwata also detected MSX1 in lower level in endometrium and placentomes
particularly after 60 days of gestation in cows (Ishiwata et al., 2003). MSX1 suppression has also lead to
the deficiency in oocyte maturation, embryo cleavage rate and also impact the expression of several
genes which indicate its role in the development of pre-implantation embryo and oocyte (Tesfaye et al.,
2010).
RELN

RELN which is involved in mammals embryonic development is first detectable in the mouse
embryonic brain on day 9.5 (Ikeda and Terashima, 1997). Its concentration is high up to early postnatal
days and then declines in adults. Cajal-Retzius neurons produces RELN and they are transient neurons
acting as path-finders and they become more active upon early laminar organization of cortex
(D’Arcangelo et al., 1995; Ogawa et al., 1995). RELN also participate in a variety of embryonic sites such
as embryonic spinal cord (Yip et al., 2000), subpial granular layer of fetal human cortex (Meyer and
Wahle, 1999) and developing rat striatum. Mutation in RELN gene produces an ataxic and reeling gait in
the affected mice. Mice bearing this mutation are prone to develop a number of abnormalities during
their development such as inverted cortical lamination, abnormal positioning of neurons and aberrant
orientation of cell bodies and fibers (Falconer, 1951; Early and Defect, 1979).
In human, RELN mutations cause lissencephaly and malformations of the cerebellum (Hong et
al., 2000). In a study by Cerri, they reported a decrease in RELN expression in lactating pregnant cows to
about half of what was observed in lactating non-pregnant cows which they assume is a cause of
developing an immature embryo and pregnancy failure (Cerri et al., 2012).
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1.6.2 Apoptosis, steroid synthesis and angiogenesis in CL

The CL is a transient tissue in the ovary, which goes under intensive cellular changes during
pregnancy to support the developing embryo. Steroid biosynthesis, apoptosis, and angiogenesis are
among the main events occurring in CL. A huge and intense vascularization spot in the body is CL (Bruce
and Moor, 1976; Reynolds et al., 1994). During luteal phase and formation of CL, building a microvascularization network is necessary for providing hormones and lipoprotein bound cholesterol (Davis et
al., 2003).
NOS2 & NOS3 (Nitric oxide synthase)

Nitric oxide (NO), an inorganic free radical gas is synthesized from L-arginine with an oxygen and
NADPH dependent reaction which yields NO and L-citrulline (Bush et al., 1992; Wu and Morris, 1998).
NO synthesis depends on NO synthase (NOS) that has three isoforms including neuronal (nNOS),
endothelial (eNOS) and inducible (iNOS) nitric oxide synthase. nNOS and eNOS have been proposed to
be responsible for basal release of NO, but iNOS is activated once inflammatory cytokines and LPS are
released (Morris and Billiar, 1994). NO proved to have different function in the body such as
vasodilation, controlling apoptosis, neurotransmitter, inhibiting platelet aggregation, neutrophil
adhesion to endothelial cells, reducing smooth-muscle cell proliferation and migration and establishing
endothelial cell barrier function (Rosselli et al., 1998). As NO participated in different part of
reproductive system, it is believed that NO is important in regulating different reproduction process
(Dixit and Parvizi, 2001). Studies in bovine luteal cells showed that by increasing NO activity in these
cells, P4 secretion is inhibited (Skarzynski and Okuda, 2000), and also inhibiting the ovarian NOS in cow
could prolong the duration of the estrous cycle (Skarzynski et al., 2003). The current gene symbols for
nNOS, iNOS and eNOS are NOS1, NOS2 and NOS3, respectively (Michel and Feron, 1997). One of NO
function is in the regulation of CL formation and function. Based on different studies, it is believed that
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function of NO depends on CL stage of development. NO helps CL maintenance by stimulating
glutathione and P4 production (Motta et al., 2001). Other studies show that NO also acts on controlling
luteal vascularization (Reynolds et al., 2000) and proteolytic process (Hurwitz et al., 1997). NO role
during early luteal development of CL has been observed in mares, because at this stage, vascular
networking is high demanding (Ferreira-Dias et al., 2011).
However, in cattle, negative effect of NO or its effect on CL regression has been reported. NO
stimulates the synthesis of PGF2α, which in turn increases NOS activity, thus activating a positive
feedback mechanism between PGF2α and NO to ensure luteal regression and consequently, P4
production decrease (Skarzynski, 2000; Jaroszewski et al., 2003). Studies in rats and mice have shown
the presence of NOS2 and NOS3 in granulosa cells (Van Voorhis et al., 1995; Matsumi et al., 1998), in
blood vessels, stroma, theca and luteal cells (Zackrisson et al., 1996). However in mice both NOS2 and
NOS3 were more localized in in oocyte, theca and granulosa cells (Nishikimi et al., 2001; Mitchell et al.,
2004; Huo et al., 2005). In cattle, the presence of NOS2 and NOS3 is different according to the existing
data in the literature but some believed that these two proteins were not detected in granulosa cells
(Grazul-Bilska et al., 2007; Herath et al., 2007), and other studies indicated that NOS were present in
ovarian cells (Tesfaye et al., 2006; Pires et al., 2009; Tessaro et al., 2011). In rats, as CL ages, NOS2
decreases its expression (Motta et al., 1997), and the same reduction for NOS2 was observed in the
rabbit (Gobbetti et al., 1999; Boiti et al., 2002) and sheep (Reynolds et al., 2000). In bovine CL, both
NOS2 and NOS3 were observed in endothelial and luteal cells. Skarzynski Showed in the cow that the
levels of NOS3 and NOS2 were increased from the early to late luteal phase of the estrous cycle and in
the luteal phase, they start to decrease their expression as CL regresses (Skarzynski et al., 2003).
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FGF2 (Fibroblast growth factor)

FGF2 is a mitogenic agent for endothelial cells (Gospodarowicz et al., 1986) in CL and also luteal
cells in culture (Grazul-Bilska et al., 1995), it also increases P4 secretion when infuses into bovine CL
(Liebermann et al., 1996). Studies by Berisha showed a different pattern for FGF2 localization during CL
formation and lutelolysis, it was more localized to endothelial cells and pericytes of the theca layer prior
to the LH surge, but afterwards and in the collapsed follicle, FGF2 protein was found predominantly in
the luteinising granulosa cell layer (Berisha et al., 2006). There were also a high level of FGF2 protein
expression during the follicular–luteal transition in the early bovine CL (Robinson et al., 2007). FGF2
seems to be important for establishing endothelial cell connection as by suppressing its receptor,
angiogenesis was inhibited in the cow CL (Robinson et al., 2009). FGF2 has also been observed that
increases during the initial stage of luteal formation, and emphasized its critical role when compared
with vascular endothelial growth factor in promoting endothelial cell formation (Woad et al., 2009).
FGF2 expression can be affected by PGF2α as study in cow (day 4) showed that luteolytic PGF2α strongly
increased FGF2 expression (mRNA and protein)(Zalman et al., 2012).
Bax & BCL2

Luteolysis in bovine CL starts with surges of PGF2α and followed by two different regression
stages called functional and structural. Functional regression characterized by inhibition of P4 release
and production (Schallenberger et al., 1984) which results in structural regression (Juengel et al., 1993;
Pate, 1994). During luteolysis, programmed cell death or apoptosis occurs which basically controls tissue
size, cell numbers and generally balance the hemostasis of the tissue. Apoptosis mainly divides by two
mechanisms: intrinsic and extrinsic. B cell lymphoma (BCL2) family proteins belong to intrinsic pathway
and thought to be activated by intracellular stimuli such as certain drugs, radiation, or growth factor
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withdrawal. These events lead to change in mitochondrial permeability which works by modifying the
ratio of BAX to BCL2 proteins (Adams and Cory, 1998). BCL2 associated X protein (Bax) mechanism to
induce cell death is by binding to, sequestering, and antagonizing the cell survival functions of BCL2
(Oltvai et al., 1993) which considers as a direct way for apoptosis induction (Chao and Korsmeyer, 1998).
During cattle luteolysis, mRNA encoding BAX is increased, however, mRNA levels of BCL2 remains
unchanged (Rueda et al., 1997), which increases the ratio of BAX to BCL2, which is called a BAXmediated apoptosis. BAX and caspases have been shown to be responsible in structural luteolysis in vivo
and also in vitro in bovine luteal cells (Rueda et al., 1997;Yadav et al., 2004; Liszewska et al., 2005).
BCL2 is an anti-apoptotic protein and it has been shown during menstrual cycle in human CL,
BCL2-mRNA levels are at the highest point at mid-luteal phase and lowest during CL regression. On the
other side, BAX which is a pro-apoptotic protein and a member of BCL2 family accelerates cell death
(Williams and Smith, 1993; Tilly, 1996; Sugino et al., 2000). Studies have indicated a high expression of
BAX mRNA levels in the regressing CL (Sugino et al., 2000). Based on Rueda (Rueda et al., 1997) studies,
he indicated that significant increase in BAX mRNA expression was positively associated with increase in
apoptosis of the regressed bovine CL when he compared it with that in the functional CL.
CYP11A (Cholesterol side chain cleavage enzyme)

The initial step for P4 biosynthesis requires conversion of cholesterol to pregnenolone by
cytochrome P450 sidechain cleavage (P450scc). Then, pregnenolone is converted to P4 by 3hydroxysteroid dehydrogenase. Based on previous studies, it has been reported that the levels of
P450scc and 3βHSD mRNA expressed in the macaque and human CL change during the luteal phase of
the menstrual cycle or after chorionic gonadotropin treatment (Doody et al., 1990; Bassett et al., 1991;
Ravindranath et al., 1992; Benyo et al., 1993). P450scc has been shown to be critical for fetal and
postnatal glucocorticoid, mineralocorticoid, and sex steroid biosynthesis as disruption of these early
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steroideogenic pathways results in cholesterol accumulation in the adrenal cortex, causing congenital
lipoid adrenal hyperplasia (Bose et al., 1996). In this deficiency, conversion of cholesterol to
pregnenolone is impaired in both adrenals and gonads in utero and postnatally, resulting in salt wasting
and lack of virilisation. CYP11A1 encodes P450scc and contains a heme binding site which is highly
conserved (Morohashi et al., 1987). Tissue specific P450 aromatase is a member of P450 superfamily
which converts androgen to E2. In contrast to other steroidogenic enzymes which are associated with
the adrenal and gonads, these enzymes have been found in the cardiovascular and nervous system
which shows their potential for behaving in an autocrine or paracrine system (Payne and Hales, 2004).
CYP11A has been found in different parts of adrenals, the theca interna and granulosa cells of ovulatory
follicles, testes, placenta, central and peripheral nervous systems, and in the human and rodent heart
(Kayes-Wandover and White, 2000; Young et al., 2001).

1.6.3 Developmental and immune related genes in the conceptus

As embryo starts its growth and attachment to the endometrium, it needs to activate some
developmentally and morphogenetically important genes to proceed with its survival. In addition to this,
conceptus needs to inform its presence to endometrium to inhibit production of some luteolytic factors
which regress CL and negatively affects embryo survival.
IFNT (Interferon tau)

In a study in which pregnant and non-pregnant cows were treated with intrauterine injections of
either ovine or bovine recombinant or native IFNT, estrogen receptor 1 (ESR1) and OTR mRNAs was
either silenced or the receptors were not responsive to E2 and OT in endometria (Thatcher et al., 1989;
Meyer et al., 1995). IFNT also inhibit the expression of ESR1 as E2 will increase ESR1 in uterine epithelia
during pregnancy. Bovine IFNT is secreted from trophoblast cells of conceptus between days 12 and 38
of pregnancy. IFNT is also called maternal recognition pregnancy signal and it acts in a paracrine manner
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on the endometrium to prevent endometrial luteolytic mechanism necessary for pulsatile release of
PGF2α, so the CL will remain functional during pregnancy (Thatcher et al., 1989; Minegishi et al., 1998; T
E Spencer et al., 2007). In addition to this, IFNT stimulates transcription of a number of genes and
activities of several enzymes in a cell-specific manner within the endometrium that all acts toward the
establishment and maintenance of pregnancy and conceptus implantation (Hansen et al., 1999; T E
Spencer et al., 2007).
ISG15 (Interferon stimulated gene 15)

IFNT is up-regulated during early pregnancy in bovine and this interferon which is secreted by
conceptus trophectoderm cells acts as an primary signal for informing the presence of embryo (Roberts
et al., 2008). Based on Austin studies, endometrial ISG15 and conjugated proteins are detected on day
17 of pregnancy, their peak levels are between days 18-23 and then decline to low levels by day 45 in
bovine. They have also not been detected in endometria after day 50 of pregnancy or in non-pregnant
cows (Austin et al., 2004). ISG15 in its mature stage is generated from a precursor by a cleavage which is
common among ubiquitin-like proteins (Potter et al., 1999). ISG15 was originally identified as an
interferon stimulated protein in response to endotoxin LPS and interferon induction (Haas et al., 1987;
Manthey et al., 1998) and some studies have reported its secretion from human monocytes and
lymphocytes, emphasizing its properties as an interferon-induced cytokine (D’Cunha et al., 1996).
Bovine ISG15 conjugates to a variety of uterine cytosolic proteins during early pregnancy,
suggesting that ISG15 may play a key role in establishment and maintenance of pregnancy (Johnson et
al., 1998). ISG15 has the potential to alter the function of different proteins through conjugating itself to
these target proteins which are involved in many activities such as transcription, DNA repair, signal
transduction, autophagy and cell-cycle control (Kerscher et al., 2006).
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ISG15 has been studied regarding its activation by IFNT during early pregnancy in establishment
and maintenance of pregnancy and it has been more studied and identified in the endometrium and
decidual cells. Because ISG15 expression profile in the embryo has not been very popular in
reproduction research, in this thesis, I have checked its expression in embryo tissue because according
to literature ISG15 conjugated proteins are important in inducing some downstream pathways
necessary for cytokine signaling, protease inhibition and development. One other suggestion is that it is
likely that ISG15 can regulate innate immunity of embryonic cells. The studies about ISG15 are mainly
focused on its role in reproductive biology. The expression of ISG15 is up-regulated at endometrium in
response to conceptus-secreted IFNT during early pregnancy (Hansen et al., 1997). In this study, they
treated fetal bovine lung cells with poly I:C or LPS and ISG15 was induced in these cells (Liu et al., 2009).
They found that these lung cells could be infected by viruses which are capable of infecting cattle
(Gonda et al., 1990).
The significance of ISGylation has been observed to be impaired in cells infected with influenza B
virus (Yuan and Krug, 2001). Five cellular proteins are reported to be ISG15 targets: serpin 2a, Jak1,
Stat1, PLC 1 and Erk1/2 (Hamerman et al., 2002; Malakhov et al., 2003). Jak1 and Stat1 are directly
involved in signal transduction of IFN and other cytokines (Darnell et al., 1994). Serpin 2a which is a
member of the serpin family was the first protein reported to be modified by ISG15. Serpin 2a
expression was highly activated in macrophages once they experienced bacterial infection in addition to
the induction of ISG15 expression (Hamerman et al., 2002). PLC 1 hydrolyzes phosphatidylinositol
biphosphate to inositol triphosphate and diacylglycerol (Rhee, 2001).
Inositol triphosphate and diacylglycerol are involved in the regulation of calcium release from
the endoplasmic reticulum and the activation of Protein Kinase C, respectively (Rebecchi and Pentyala,
2000). PLC 1 is important for normal growth and development (Ji et al., 1998). ERK1/2 belongs to protein
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kinases that regulate the activity of many target proteins in response to signals from growth factors and
environmental stimulation (Chang et al., 2003) .
GPX4 (Glutathione peroxidase 4)

Phospholipid hydroperoxide glutathione peroxidase (phGPx or GPx4) is an intracellular
antioxidant enzyme (Imai and Nakagawa, 2003) that directly reduces peroxidised phospholipids (Ursini
and Bindoli, 1987; Thomas et al., 1990; Sattler et al., 1994). Different function have been attributed to
this enzyme such as sperm maturation (Ursini et al., 1999; Roveri et al., 2002) and murine
embryogenesis (Imai and Nakagawa, 2003; Yant et al., 2003). Studies in GPx4 −/− embryos mice has
shown that this enzyme is important in organogenesis as those mice lacking GPX4 are not viable and
they die in utero at mid-gestation (Borchert et al., 2006; Schneider et al., 2006).
Studies performed using GPX4 knock out mice showed that compared to other GPX isoenzymes,
all GPX4 knock out mice were not able to produce viable homozygous offspring (Imai and Nakagawa,
2003; Yant et al., 2003). As anti-apoptotic activity is one of GPX4 feature, studies by Schnabel showed
that GPX4 expression correlates with areas of reduced apoptosis in developing limbs (Schnabel et al.,
2006) and it was confirmed by increased DNA fragmentation as an indicator of increased apoptotic cell
death (Imai and Nakagawa, 2003; Borchert et al., 2006). GPX4 expression has also been detected in
developing brain of embryonic mice and rats (Schweizer et al., 2004). GPX4 mRNA and protein
expression have been detected in different area of brain like pyramidal neurons of the frontal and
entorhinal cortex, dentate granule cells and CA pyramidal neurons in the hippocampus of embryonic rat
brains but not in glial cells (Savaskan et al., 2007).
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EEFA1 (Eukaryotic elongation factor 1A)

The effect of eEFA1 on cell cycle has been studied by its phosphorylation at ser300 by type I
transforming growth factor-β receptor which inhibits the protein synthesis and cell proliferation (Lin et
al., 2010). In Lin`s study, they reported that eEFA1 and Ser300 mutants of eEFA1 are important for
transition of cells through the phases of the cell cycle (Lin and Souchelnytskyi, 2010). eEFA1 has been
recognized with different functions such as interacting with tRNA in protein synthesis (Mateyak and
Kinzy, 2010), regulation of cytoskeletal dynamics (Liu et al., 1996; Gross and Kinzy, 2005), protein
degradation (Chuang et al., 2005), and protection against apoptosis (Ruest et al., 2002; Chang and
Wang, 2007). eEFA1 is identified as two individually encoded variants in vertebrates named as eEFA1
and eEFA2 (Kahns et al., 1998; Kristensen et al., 1998).
Studies in mice have shown that eEFA1 is present throughout embryonic development in muscle
but is reduced in neonatal muscle and then shut down by 21 days after birth (Lee et al., 1993; Chambers
et al., 1998; Khalyfa et al., 2001). In neurons of mice and rats, eEFA1 is expressed during embryonic
development (Pan et al., 2004).
PLAU (Plasminogen activator urokinase)

Plasminogen activator (PA), particularly the urokinase-type PA (PLAU), is probably involved in
proteinase activities during embryo implantation. PA converts the inactive plasminogen into serine
protease plasmin (Danø et al., 1985). During embryo implantation into uterine, ECM adhesion and
proteolysis play important roles and they facilitate trophoblast cells invasion as the initial step in
placentation (Armant, 2005). Different proteolytic enzymes have been identified in trophoblast invasion
of the endometrium, including the PA/plasmin system (Strickland et al., 1976; Sappino, 1989; Teesalu et
al., 1996; Zhang, 1996), MMPs (Peters et al., 1999), cathepsins (Afonso et al., 1997), and implantationspecific serine proteinases (Tang and Rancourt, 2005). In mice embryo at implantation stage, the major
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proteinases secreted are PLAU (Strickland et al., 1976; Zhang, 1996) and MMP9 (Behrendtsen et al.,
1992).
PLAU and MMP9 are expressed in primary trophoblast cells both in vitro and in vivo (Sappino,
1989; Reponen et al., 1995; Das et al., 1997). Plau knockout mice are fertile, but they suffer from low
implantation rates (Aflalo et al., 2004; Aflalo et al., 2007). Axelrod indicated that in embryos of
homozygous tw73 mouse mutant, failure of implantation is associated with reduced PA expression
(Axelrod, 1985). PLAU proteolytic activity starts with binding with high affinity to a specific cell surface
glycosylphosphatidylinositol-anchored receptor (Rijken and Lijnen, 2009) which consequently promotes
efficient plasminogen activation and plasmin formation (Stahl, 1995;Castellino and Ploplis, 2005).
Binding of PLAU to its receptor also can stimulate cell proliferation, migration, and invasion (Alfano et
al., 2005; Cáceres et al., 2008).
HOXB7 (Homebox protein 7)

Genes belong to homebox protein family are characterized with regulatory functions in a wide
variety of organisms (Akam, 1987; Levine and Hoey, 1988). Some of these genes act through
transcriptional activatory of the growth hormone and prolactin genes in the pituitary (Herr et al., 1988;
Robertson, 1988). Some other evidence also showed their role as transcription factors regulating the
expression of other genes and homedomain binding sites (Beachy et al., 1988; Hoey and Levine, 1988).
HOXB7 has also been reported to be part of the developmental regulatory system that enable cells to
establish the anterior-posterior axis. This gene is important in morphogenesis in different multicellular
organisms. Study by Simeone has shown that HOXB7 participates in a range of developmental process
(Simeone et al., 1987). It has also been shown in pre- and post-implantation developmental stages of
bovine embryos, HOXB7 expression reduced as embryo develops to higher stages as it was observed
from (511-fold) in two-cell stage to 1-fold level in the sixteen-cell stage (Ponce-barajas, 2006).
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FTH1 (Ferritin, heavy polypeptide 1)

Ferritin is a protein which regulate iron sequestration (Torti and Torti, 2002). Two main type of
ferritin have been reported : heavy (FTH) and light chain (Harrison et al., 1998; Harrison and Adams,
2002). FTH1 is responsible for iron homeostasis (Theil, 2003), it has the ability to help oxidation of toxic
Fe (II) to Fe(III), which is less cytotoxic (Levi et al., 1989a; Levi et al., 1989b; Quintana et al., 2004). As
embryo grows, Ferritin presence is needed as Fth(-/-) mutant mice die between E3.5-E9.5 (Ferreira et
al., 2000). FTH1 can induce its anti-apoptotic effect by protecting hepatocytes and endothelial cells
against some apoptotic inducers (Theil, 1987; Cairo et al., 1995).
Up-regulation of FTH during B-lymphocyte differentiation results in decrease in free iron levels
as well as increases resistance to oxidative damage (Epsztejn et al., 1999; Cozzi et al., 2000), however
FTH1 down-regulation indicated an increase in free iron levels and apoptosis (Yang et al., 2002).
Overexpression of FTH1 leads to slight increase in the Primary ciliary dyskinesia in the chick embryo
(Gibson et al., 2011). In another study which they were using a transcriptome survey of bovine embryo
between blastocyst and implantation period, FTH1 was also one of the most prevalent genes which
exists in most stages (Mamo et al., 2012).
BMP15 (Bone morphogenetic protein 15)

Bone morphogenetic protein 15 (BMP15) belongs to the transforming growth factor
superfamily. Mutation in BMP15 results in reducing ovarian functionality (Galloway et al., 2000). It has
been demonstrated that BMP15 can activate the Smad1/5/8 pathway (Mottershead et al., 2012). During
early Xenopus embryogenesis, BMP15 functions as an inhibitor of the Smad1/5/8 and the wnt pathway.
Experiments regarding gain and loss of BMP15 function have demonstrated its role in head formation
and neural induction. It seems that BMP15 is necessary and sufficient for the specification of dorsoanterior structures (Di Pasquale and Brivanlou, 2009).There are some evidence for expression of BMP15
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during very early murine, ovine and bovine embryogenesis (Zeng and Schultz, 2003; Pennetier et al.,
2004; McNatty et al., 2005). BMP15 has a similar structure as lefty proteins which is a missing cysteine in
the mature domain, these lefty proteins has been indicated to inhibit wnt pathway (Branford and Yost,
2002).
IL-6 (Interleukin 6)

Interleukin 6 (IL-6) is an interleukin which acts in two different position: one as a proinflammatory cytokine and also an anti-inflammatory myokine. In humans, it is encoded by the IL6 gene.
IL-6 is secreted by T cells and macrophages to stimulate immune response (Ferguson-Smith et al., 1988).
IL-6 is also produced by ovine and bovine trophoblasts (Mathialagan et al., 1992). One of IL-6
characteristics is to stimulate the production of proteases and complement inhibitors, which are critical
in the synepithelial chorionic placentation. In study by Maruo, they have reported that IL-6 significantly
increases the permeability of endothelial cells (Maruo et al., 1992), as this is one of requirements for the
development of uterine and trophoblast permeability in early pregnancy.
From murine to ruminants, they are some evidence for murine, porcine, ovine and bovine which
their pre-implantation embryos express IL6 mRNA prior to implantation (Mathialagan et al., 1992;
Murray, 1996). Mouse embryos have also shown an increase in blastocyst cell number which was
promoted by IL6 (Desai et al., 1999). The proposed mechanism for IL-6 survival-enhancing actions is
through induction of microRNA- 21 expression (Shen et al., 2009).
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2

Impact of estrus exposure on gene expression of the endometrium, corpus
luteum and conceptus of beef cows

2.1

Hypothesis and objectives of the dissertation
Early embryonic loss, which mainly occurs in the first four weeks of gestation, is a major

component of the sub-standard fertility problems that can affect both beef and dairy cows. During these
initial weeks of gestation, key steps necessary for the maintenance of gestation occur, 1) IFNT from the
conceptus is released to block luteolysis and trigger endometrium tissue remodeling, 2) the implantation
process between the developing embryo and the endometrium starts and, 3) the embryo goes through
extensive growth and differentiation from a zygote to almost full embryo organogenesis. It is important
to note that modifications for optimal embryo development start before ovulation and AI. Major steroid
hormones such as P4 and E2 are critical to prepare a receptive endometrium for embryo implantation.
The focus of this thesis is directed towards the effects of behavioural expression of estrus at the time of
AI on gene expression levels of target transcripts in the endometrium, CL and conceptus on day 19 of
gestation. The expression of estrus has been associated with better fertility (lower embryonic loss),
which could suggest a complete exposure to proper E2 levels, both in concentration and length,
compared with cows bred in the absence of estrus as it commonly happens in timed-AI programs. The
hypothesis is that the expression of estrous behavior in beef cows relates to the full benefit of E2 and
proestrus on subsequent fertility. This effect is assessed by measuring the gene expression of key
transcripts in the endometrium, CL and embryo samples collected on day 19 of gestation from beef
cows.

2.2

Material and methods
This experiment was conducted from January to March (summer) at a commercial cow–calf

operation located in Mineiros, Goias, Brazil. The animals used herein were cared for in accordance with
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the practices outlined in the Guide for the Care and Use of Agricultural Animals in Agricultural Research
and Teaching (Curtis and Nimz, 2010). The cDNA synthesis was performed at the University of British
Columbia’s Dairy Education and Research Centre in Agassiz, BC. The RNA extraction and qPCR analysis
were performed at Dr. Suzanne Clee’s lab for Diabetes Research Group at the Life Science Centre, UBC.

2.2.1 Animals, housing and grouping

Twenty-three non-lactating multiparous Nellore cows (BCS = 5.46 ± 0.05;(Wagner et al., 1988))
were assigned to an estrus synchronization plus timed-AI protocol (Meneghetti et al., 2009). Cows were
enrolled onto a synchronization protocol that was carried out as follows: 2 mg injection of estradiol
benzoate (Estrogin; Farmavet, São Paulo, SP, Brazil) and a second-use intravaginal progesterone
releasing device (CIDR®, originally containing 1.9 g of progesterone; Zoetis, São Paulo, Brazil) on day −
11, a 12.5 mg injection of PGF2α (Lutalyse; Zoetis) on day − 4, CIDR removal in addition to 0.6 mg of
estradiol cypionate (ECP; Zoetis) and 300 IU of eCG (Novormon, Schering-Plough Co., São Paulo, Brazil)
on day −2, and timed-AI on day 0. All cows were inseminated on day 0 by the same technician, using
semen from the same bull and batch. Cows were maintained in a single Brachiaria brizanta pasture (10
ha) with ad libitum access to forage and water. All animals received a 100 g of a protein-mineral mix +
100 g of ground corn per cow daily (on an as-fed basis).
Cows were observed for behavioural expression of estrus by visual observation two times a day
for 30 min each from the administration of the PGF2α injection until timed-AI. Cows were visually
observed for mounting activity and secondary signs of estrus (e.g. chin rest, following, vaginal mucus,
swollen vulva), then clustered in two different groups 1) Estrus (n = 12), when cows expressed evident
signs of estrus the day before and/or the day of AI, and 2) Control (n = 11), for cows that did not show
any signs of estrus.
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2.2.2 Blood samples and ultrasound examinations
Blood samples were collected immediately prior to AI (day 0), and on day 7 and 18 of the
experiment via jugular venipuncture into commercial blood collection tubes (Vacutainer, 10 mL; Becton
Dickinson, Franklin Lakes, NJ) containing 158 USP units of freeze-dried sodium heparin. After collection,
blood samples were placed immediately on ice, centrifuged (2,500 × g for 30 min; 4°C) for plasma
harvest, and stored at -20°C on the same day of collection. Transrectal ultrasonography (7.5-MHz
transducer; 500V, Aloka, Wallingford, CT) was performed concurrently with blood sampling on days 0, 7,
and 18 to verify ovulation and CL development. CL volume was calculated using the formula for volume
of a sphere; Volume = 4/3π × (D/2)3, where D is the maximum luteal diameter. Only animals with a preovulatory follicle with the absence of a CL on day 0, confirmed ovulation on day 7 (presence of a CL in
the ipsi-lateral ovary of the pre-ovulatory follicle observed on day 0) and a CL greater than 0.38 cm3 in
volume on day 7 and 18 continued in the study and were included in the analysis.

2.2.3 Slaughter and tissue collection
Cows were slaughtered on day 19 after timed-AI and reproductive tracts were immediately
collected, placed on ice, and processed for collection of the conceptus, uterine luminal flushing, and
tissue samples from the CL and endometrium based on the procedures described by Bilby (Bilby et al.,
2004). More specifically, the uterine horn ipsilateral to the CL was isolated from the reproductive tract,
and the ovary containing the CL was removed. The CL was incised with a scalpel for collection of luteal
tissue. Subsequently, 20 mL of saline were injected into the utero-tuberal junction of the selected
uterine horn, massaged gently, and exited through an incision at the tip of the uterine horn. Uterine
luminal flushing media and the conceptus were recovered in a sterile 100 by 15 mm petri dish. The
conceptus was measured for length and weight, whereas the uterine luminal flushing was stored in a 15mL sterile conical tube (Corning Life Sciences, Tewksbury, MA). The selected uterine horn was then cut
along the mesometrial border, and samples of the endometrium were collected. After collection, the
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conceptus, as well as luteal and endometrial samples, were stored in 5-mL sterile cryogenic tubes (CRAL
Artigos para Laboratórios, Cotia, SP) containing 2 mL of RNA stabilization solution (RNAlater; Ambion
Inc., Austin, TX), maintained at 4°C for 24 h, and stored at –20°C until further processing.

2.2.4 RNA extraction

Total RNA was extracted from samples using TRIzol® Plus RNA Purification Kit (Invitrogen,
Carlsbad, CA). The tissue:Trizol ratio (mg:mL) was 100:1 for all sample (1 ml TRIzol per 50-100 mg
tissue). Quantity and quality of isolated RNA were assessed via Nano drop (Nano drop 2000; UV-Vis
spectrophotometer; Thermo scientific, Wilmington, DE). Extracted total RNA was stored at -80°C until
further processing.

2.2.5 Primer design

All forward and reverse primers were designed from bovine mRNA sequences (NCBI) using
PrimerQuest PCR Design Tool (Integrated DNA Technologies, Coralville, Iowa). The primer sequence,
fragment size and gene accession number are provided in Table 1.

2.2.6 Complementary DNA synthesis

Following extraction, reverse transcription reactions were performed by following the kit
manufacturer’s protocol. A total RNA sample of 2500 ng was treated with 1 ul DNase (New England Bio
Labs, Ipswich, MA) to digest any DNA left from the RNA extraction and were incubated for 10 min at 75
°C. Next, to prevent DNAse I activity by chelating the divalent cations that it requires (Mg++ and Ca++),
and also to prevent cation-related RNA cleavage, 0.25 ul EDTA, ultra pure 0.5 M, PH 8.0 (Life
technologies, Burlington, ON) was added to each sample and incubated for 10 min at 37 °C. When
DNase treatment finished, a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
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City, CA) was used to synthesize cDNA from RNA. To proceed for reverse transcription polymerase chain
reaction (RT-PCR) master mix, 5 ul of DNase treated RNA were mixed with a 5 ul reaction mixture
containing 1ul of 10X random primers, 0.4 ul of 0.8 mM deoxyribonucleoside triphosphate mixture, 1 ul
of 10X buffer, 0.5 ul of 50 U/ul of reverse transcriptase , 0.25 ul of 40,000 U/mL of RNase inhibitor (New
England Bio Labs, Ipswich, MA) and 1.85 ul of nuclease free water (provided in the kit). Then, the
mixture was centrifuged at 2000 rpm for 2 min at 4 OC. The conditions used for RT-PCR was set as
follows: 37 oC for 30 min, 75 oC for 15 min and 4 oC for the final step. Finally, products were stored at 20°C until the quantification polymerase chain reaction (qPCR) was performed.

2.2.7 Quantitative real time PCR

In order to perform transcription analysis and gene expression of reproductive tissues, 58 genes
in total were selected based on evidence in the literature showing their impact on endometrium
remodelling and embryo survival: 39 genes for endometrium ( IGLL1, MX1, MX2, IGHG1, SLPI, CXCL10,
TRD, PTX3, IDO, IL-10, LIFR, CTNNB1, WNT2, DKK1, AXIN1, AXIN2, APC, FZD7, FZD4, GSK3β, FZD8, WNT3,
SELL, MMP19, CLD4, GLYCAM1, TIMP2, SPP1, LAGALSBP3, SERPINA14, EMMPRIN, CDH1, MYH9, MYH10,
MYL12A, RELN, MSX1, OXYTOCIN and COX-2), 10 genes for CL (CYP11A, StAR, PGF2α receptors, 3ΒHSD,
OXYTOCIN, BCL2, BAX, NOS2, NOS3 and FGF2), and 9 genes for embryo ( ISG15, IFNT, PLAU, HOXB7,
GPX4, BMP15, EEF1A1, FTH1 and IL-10). Genes studied in this thesis have been grouped based on their
role during endometrium preparation, embryo and CL development (Table 2).
Transcript abundance was compared for a set of genes in the endometrium, CL, and embryonic
tissue with two replicates per sample using quantitative real time PCR (qPCR). The qPCR analysis was
performed using the Rotor Gene Q real time cycler (Qiagen, Hilden, Germany), SYBR Green Master Mix
(QuantiFast SYBR® Green PCR Kit, Qiagen, Toronto, ON) and gene specific primers (Table 1). For each
sample the qPCR reaction consisted of 1.2 uL of cDNA, 0.2 uM of each forward and reverse primer, 7.5 ul

54

of 2 X SYBR green master mix and 5.7 ul of RNase free water in a final volume of 15 ul per reaction.
Reaction conditions included an initial step of 95°C (10 min), followed by 45 cycles of 95°C (15 sec) and
60°C (45 sec). Data on qRT-PCR (Ct values) were analyzed using the 2-ΔΔct method (Livak and
Schmittgen, 2001). First, expression values (Ct values) were adjusted according to corresponding GAPDH
control/housekeeping gene expression values (Ct values). Later, the relative abundances of the mRNAs
were calculated by dividing each pool expression value by the baseline value. Oligonucleotide sequences
used to amplify segments of each gene tested are listed in Table 1. Only cycle thresholds smaller than 35
were used for analysis.

2.2.8 Statistical analysis

The qRT-PCR results were analyzed using the mean threshold cycle (Ct) for each transcript. The
Ct was calculated and normalized for the housekeeping gene GAPDH to generate delta (Δ) Ct values.
Changes in relative abundance of specific transcripts were calculated by using the delta delta (ΔΔ) Ct
method (Cooke et al., 2009). Differences between cows that expressed estrus and those that did not
express estrus at the time of AI were analyzed using the PROC MIXED procedure of SAS software
(version 9.2; SAS Institute Inc., Cary, NC), with the model including the effects of BCS, CL size, P4
concentration, embryo length, follicle size and IFNT concentration.

2.3

Results

2.3.1 Expression of genes in the endometrium

Results from endometrium gene transcription analysis showed that genes related to the
immune system, IGLL1, CXCL10, MX1, MX2 and SLPI had significant fold differences when comparing
Estrus with Non-Estrus cows. MX1, MX2 and SLPI showed 1.6, 2.14 and 2 fold increases, respectively (P =
0.02, 0.03 and 0.01). Additionally within this category, IGLL1 and CXCL10 had tendency for a 1.8 and 1.4
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fold increase, respectively (P = 0.1). From the adhesion category, MMP19 and MYL12A were upregulated with a 1.5 (P = 0.05) and 1.3 (P = 0.1) fold increase, respectively. Oxytocin and COX-2, which
belong to the steroid biosynthesis group, showed a 0.6 and 0.4 fold down-regulation in gene expression,
respectively, when comparing the Estrus group with the Non-Estrus group. The fold change differences
of genes in the endometrium are shown in Figures 2 and 3. The mRNA expression levels of
developmentally important genes that mostly belong to the wnt signaling pathway (AXIN1, APC, FZD7,
CTNNB1, WNT2, DKK1, GSK3B, FZD8, FZD4, WNT3, AXIN2) did not show a difference between Estrus and
Non-Estrous cows (P > 0.05)(Figure 3-C). RELN and MSX1, which are important in embryo brain
development and neural tube formation, did not show any difference between Estrus and Non-Estrus
cows as well (Figure 3-C).
Genes related with adhesion CLDD4, GLYCAM1, TIMP2, SPP1, LGALSBP3, SERPINA14, EMMPRIN,
MYH9 and MYH10, showed no significant difference between Non-Estrus and Estrus cows in their mRNA
levels (Figure 3-B). Transcript levels of some immune system-related genes (PTX3, TRD, IL-10, IDO,
IGHG1, and LIFR) quantified from the endometrium were also not statistically significant (P >0.05;
(Figure 3-A).

2.3.2 Expression of genes in the corpus luteum affected by estrus expression

As the CL is considered a transient endocrine organ, many genes were classified as for steroid
biosynthesis; among them PGF2α receptors and CYP11A showed a significant down regulation, where
both PGF2α receptors (P = 0.05) and CYP11A (P = 0.01) had a 0.7 fold difference of mRNA expression.
However, only BAX showed a significant difference within Estrus cows (0.76 fold increase; P=0.05).
Among genes of the CL, there was no significant difference in mRNA levels of NOS2, NOS3, and FGF2,
which belong to the angiogenesis group (Figure 4).
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2.3.3 Gene expression in the embryo

In the embryos collected from cows in the Estrous and Non-Estrous groups, down-regulation in
two different groups was observed. From maternal recognition pregnancy group, ISG15, showed a
significant difference within Estrus cows (0.56 fold decrease; P=0.05). eFF1A1 (P=0.09) and PLAU
(P=0.01) which belong to morphogenesis group were also statistically significant comparing Non-Estrus
and Estrus cows (Fold difference=0.81 and 0.74, respectively). A fold difference of 0.19 was also
observed for BMP15, which was down-regulated in Estrus cows compared with Non-Estrus cows (P=0.1))
(Figure 5).

2.3.4 Ovarian and embryo parameters

Estrous expression affects the dimensional development of the embryo (P = 0.02). Embryo size
was 10 cm longer on average from cows with the Estrus group (Table 3). The IFNT concentration within
the uterine flushing media was not different between the Estrus and Non-Estrus groups (P = 0.47).
Follicle size was not affected by estrus expression as well (Table 3; P = 0.89). The CL was smaller (P = 0.1)
although concentrations of P4 were not statistically significant comparing Estrus and Non-Estrus cows
on day 7 (P = 0.34) for cows within the Estrus group (Table 3). By day 18, the volume of the CL was not
different between groups (P = 0.45). There was a tendency to be significant in BCS between the Estrus
and Non-Estrus groups (P=0.1) (Table 3).

2.3.5 Effect of P4 concentration on day 7 on animal variables, embryo genes, endometrium
gene expression and estrus outcome

Effect of P4 concentration (High and Low) on day 7 as a main factor affecting gene expression
was analysed. Gene expression in the endometrium was affected by P4 concentration. Immune-related
genes within the endometrium such as: TRD, IGLL1, MX2 and SLPI showed a significant up-regulation
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when comparing the High and Low P4 concentrations (P < 0.05) (Figure 6). Other groups of genes which
showed up-regulation belong to adhesion molecules, GLYCAM1 (P = 0.003) and MYL12A (P = 0.02). APC
(P = 0.001) and WNT2 (P = 0.01) genes from the wnt signaling pathway were significantly affected by P4
concentration. IL-10 (P = 0.09), CXCL10 (P = 0.07), MX1 (P = 0.07) and CDH1 (P = 0.9) showed also a slight
up-regulation when we compared High and Low P4 concentrations. According to our results, animal
factors such as: IFNT concentration, CL volume on day 7/18, P4 concentration on day 7/18, follicle size
and BCS were not affected by P4 concentration. Embryo gene expression was also not affected by P4
concentration. The interaction between estrous effect and P4 concentration on day 7 and their
synergistic effect on endometrium gene expression were significant for immune-related genes such as
MX1 (P = 0.003), MX2 (P = 0.04), TRD (P = 0.05) and SLPI (P = 0.003). GLYCAM1 (P = 0.04) and APC (P =
0.01) showed also a significant up-regulation. A slight up-regulation was resulted from this interaction
for IGLL1 (P=0.08; Figure 7).

2.3.6 Effect of embryo size on animal variables and embryo gene expression

Animal variables and embryo gene expression were analyzed against embryo size (Large and
Small). Embryo size did not affect IFNT concentration, CL volume on day 7/18, P4 concentration on day
7/18, follicle size and BCS. Among all reproductive tissues studied here, there were just embryo genes
that were affected by embryo size. From morphogenesis group, BMP15 (P = 0.005) and GPX4 (P = 0.05)
were significantly up-regulated (fold difference =0.05 and 0.81, respectively) (Figure 8).

2.4

Discussion
The aim of this study was to investigate the association of estrus expression at the time of AI

with expression of critical genes in the endometrium, CL and embryo during pre-implantation period. In
addition, the difference in estrous expression was evaluated for animal phenotypical parameters such as
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BCS, CL volume, conceptus size, P4 concentration in plasma, and follicle diameter. Evidence from this
study supports our hypothesis that estrous expression positively influences the expression of target
genes. Cows that expressed behavior of estrus at AI had a significant fold increase in the expression of
endometrium genes critical for suppressing the local maternal immune system and adhesion between
endometrium epithelial cells and conceptus, as well as inhibiting the PGF2α cascade. Genes related to
immune system and adhesion group in the endometrium were also significantly affected by P4
concentration on day 7. Results from the gene analysis of the CL also confirmed down-regulation of
cellular pathways associated with apoptosis and PGF2α synthesis which favours the CL maintenance, P4
secretion and key to sustain pregnancy. Understanding of temporal changes that occur in the
transcriptome of the bovine uterine endometrium in early pregnancy has been increased (Forde et al.,
2009; Forde et al., 2011). Large transcriptome analysis of gene expression has been performed on 7 day
embryos in cows (Misirlioglu et al., 2006; Kues et al., 2008). However, the literature on embryonic
development in cattle lacks information on the effect of estrous expression on the pattern of gene
expression during the pre-implantation period. The reason is partly due to the use of ovulation
synchronization protocols and timed AI in most experiments with little or no attention given to the
expression of estrus near AI. The early embryonic development until implantation is arguably the most
important period that define a successful pregnancy and a significant proportion of all embryonic losses
in lactating cows occurs between days 8 and 21 of pregnancy (Diskin and Morris, 2008). Results from
this study emphasizes the role of steroids during pre-implantation to prepare a receptive endometrium.
Because of operational limitations, it was not possible to check for length of dominance or P4 levels
during the growth of the pre-ovulatory follicle. However, because the experiment was performed using
an ovulation synchronization program and induced ovulation with an estrogen (ECP), it is likely that the
differences found in gene expression in reproductive tissues were caused by the complete development
of the pre-ovulatory follicle and endometrium exposure to an ideal environment to further receive the
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embryo. The expression of estrus can potentially affect the endometrium remodelling especially by
influencing the immune system and adhesion related genes, it did translate into larger conceptuses, as
well as down-regulating cellular pathways leading to luteolysis.
The up-regulation of immune system-related genes involved in endometrium receptivity (MX1,
MX2, IGLL1, SLPI and CXCL10) were in agreement with previous studies (Livak and Schmittgen, 2001;
Cerri et al., 2012; Forde et al., 2012; Bauersachs and Wolf, 2013a). The CXCL10 acts to attract
trophoblasts to the endometrium, and promote adhesive activity in ruminant species (Nagaoka et al.,
2003; Imakawa et al., 2006). It has also been shown to have more than a 11-fold up-regulation in
pregnant cows (Cerri et al., 2012). In a study by Walker et al. (2012), CXCL10 was down-regulated in subfertile dairy cows compared with fertile cows (Walker et al., 2012). Myoxiviruses are integral
components of the innate immune system and has been even identified in blood leukocytes as a
potential tool for pregnancy diagnosis in dairy heifers (Stevenson et al., 2007). Hicks et al. (2003)
indicated a 15-fold increase in MX1 and MX2 between day 12 to 15 post-AI in pregnant cows compared
with non-pregnant cows, whereas others have indicated a temporal difference in the expression of
these genes as indicated by higher expression of MX2 on day 18 and 20 compared with day 14 and 16 of
pregnancy (Green et al., 2010). The IGLL1 expression positively impacts B cells development which are
critical members of the innate immunity (Bauer et al., 1993) and can indirectly enhance the MX1 and
MX2 activity. Expression of pro-inflammatory genes such as IL-8 and TNFa in LPS-activated monocytic
cells, class switch recombination in activated B cells, are mediated by NF-kB which are both inhibited by
SLPI (Taggart et al., 2005; Xu et al., 2007). SLPI has the ability to interrupt the activation of transcription
factor NF-kB and possibly cause a reduction in the COX-2 expression, which favours CL maintenance
particularly during the maternal recognition of pregnancy. Some studies showed that hypoxia-induced
COX-2 expression also happens through NF-kB pathway (Schmedtje et al., 1997; Lukiw et al., 2003).

60

The up-regulation of adhesion molecules (MMP19 and MYL12A) is supported by previous
studies where MMP19 has been shown to be important for the regulation of conceptus attachment in
bovine endometrium (Bauersachs et al., 2008). The extensive molecular and structural changes taking
place during the pre-implantation stage in the endometrium is necessary for the reorganization of GE
(Wathes and Wooding, 1980). MYL12A expression is important for the regulation of protrusion and
adhesion-generated signalling (Cai et al., 2006; Vicente-Manzanares et al., 2007) and also is required for
cadherin clustering (Shewan et al., 2005; Ivanov et al., 2007) and the stability of the cell–cell junction.
In the current study there was a decrease in the expression of OTR in the endometrium in the
Estrus group. Studies on the expression of OTR demonstrate that it is greatly impacted by P4 and E2
concentrations (Spencer et al., 2007; Bazer et al., 2008) and key for the synthesis of PGF2α and
consequent maintenance of the CL (Spencer et al., 2007; Bauersachs et al., 2008; Bazer et al., 2010;
Dorniak et al., 2011). Along the same rationale is the down regulation of COX2, a major enzyme
necessary for the synthesis of PGF2α, which is probably a product of the lower expression of OTR after a
cow have expressed estrus at the end of the previous estrous cycle. Combined, the reduction in the
expression of OTR and COX2 signals, an ideal endometrium capable of moderating PGF2α secretion
around day 18 of the estrous cycle (maternal recognition of pregnancy) only appears when a complete
estrous cycle, including the proper expression of estrus, is allowed.
Results from our study regarding the role of the wnt signalling pathway showed no significant
difference in gene expression between animals that did or did not express estrus at the time of AI.
Literature review indicates that the influence of the wnt signalling pathway could be dependent on the
stage of embryo development, as activation of wnt signalling in bovine embryos, by inhibitors of GSK3β,
either block or increase development to the blastocyst stage (Aparicio et al., 2010). It is known that at
morula stage, the embryo undergoes major genome activation (Memili and First, 1999). One suggestion
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could be that by the time samples were collected (day 19 post AI), the wnt signalling may have been
deactivated as the embryo is almost in the elongation phase.
Analysis of target genes in the CL showed significant decrease in genes related to apoptosis,
PGF2α and P4 synthesis. Down-regulation of BAX, may be due to the anti-luteolytic effects of IFNT or
COX2 as they inhibit CL luteolysis. Sugino et al. (2000) reported high BCL2 and low BAX expression in the
CL during mid-luteal phase and early pregnancy in humans, whereas low BCL2 and high BAX expression
were found in the regressing CL demonstrating the importance of BCL2/BAX in controlling the fate of the
CL (Sugino et al., 2000). In the CL, the PGF2α receptors are required to interact with PGF2α released
from uterus at the time of luteal regression (Tomac et al., 2011), but during pregnancy, number of
PGF2α receptors in CL is reduced to allow CL maintenance. The PGF2α synthesis is indirectly regulated
by COX2 (Parent et al., 2003), and endometrial COX2 expression has been found during luteolysis
(Charpigny et al., 1997; Arosh, 2002). Our data also confirms a decrease of COX2 expression in the
endometrium which is in support of CL maintenance during pregnancy.
The gene expression of the conceptus had a significant reduction in ISG15 and PLAU expression
in cows within the Estrus group. Additionally, eEF1A1 and BMP15 showed a tendency for downregulation. ISG15 synthesis is stimulated by IFNT secretion from conceptus. According to Austin et al.
(2004), endometrial ISG15 and conjugated proteins are detected on day 17 of pregnancy, their peak
levels are between day 18 to 23 and then decline to baseline levels by day 45 in cows (Austin et al.,
2004). However, we did not observe a significant difference between Estrus and Non-Estrus cows
regarding IFNT concentration on 18 day conceptus tissue, but only conceptus size was indeed larger for
the Estrus group. The possible benefit of a larger conceptus is likely the physical occupation of the
lumen and increase the likelihood of promoting IFNT-driven changes in as much endometrium tissue as
possible. PLAU reduction within the Estrus group could be rationalized by the status of embryo and the
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stage of genome activation the embryo was collected. Studies on rat embryos have shown that
Urokinase (uPA) genes are first expressed at the 2-cell stage (Zhang et al., 1994) and at the blastocyst
stage in mice. During implantation, in days 5.5 to 8.5, PLAU transcripts (Sappino et al., 1989) are
localized on trophoblast cells, ectoplacental cone cells and their derivatives. We also observed a
reduction in BMP15 expression of cows in the Estrus group which possibly relates to the tempo-spatial
genome activation of the embryo. In a study by Pennetier et al. (2004), they found BMP15 transcripts
until the five- to eight-cell stage, but trace levels in the morulae stage (Pennetier et al., 2004). Similarly,
the eEFA1 had its expression reduced in the Estrus group in the current study. The eEFA1 plays an
important role in protein synthesis as it is involved in interacting with tRNA in protein synthesis
(Mateyak and Kinzy, 2010), regulation of cytoskeletal dynamics (Liu et al., 1996; Gross and Kinzy, 2005),
protein degradation (Chuang et al., 2005), and protection against apoptosis (Ruest et al., 2002; Chang
and Wang, 2007). A complete reprograming pattern of protein synthesis was observed at the 8-16 cell
stage of development in pre-implantation bovine embryos (Frei et al., 1989), and at 15 hours after the
first cleavage division, with most changes occurring at the 2-cell stage, in mice embryos (Latham et al.,
1991). According to our results, cows with smaller embryo size had greater expression of BMP15 and
GPX4 in Estrus versus Non-Estrus cows and could be likely correlated with the effect of expression of
estrus on embryo gene expression. There was no correlation between embryo size and other animal
variables. Although in some studies, they have reported a correlation between IFNT secretion and
embryo size (Robinson et al., 2006), they have not observed a relationship between IFNT concentration
or embryo size and IFNT mRNA expression.
Ultimately, the current study found a correlation between P4 concentration and endometrial
gene expression, which was mainly pronounced in immune system-related genes (IL-10, MX1, SLPI, MX2,
TRD, CXCL10 and IGLL1), adhesion molecules (GLYCAM1, CDH1 and MYL12A) and wnt signaling (APC and
WNT2). Other variables such as embryo gene expression or animal physiological factors were not
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affected by P4 concentration on day 7 of gestation. There was an interaction between estrous
expression and P4 concentration which could significantly affect expression of genes in the
endometrium, specifically when the combination of estrous expression and low P4 concentration is in
place. More specifically, it seems that low P4 concentration is in favour of up-regulation of critical
groups of genes in the endometrium. According to other studies, the major changes required to drive
conceptus elongation and uterine receptivity for implantation occurs between days 7 and 13 in response
to ovarian P4 which is independent of an existing and appropriately developed embryo or conceptus
(Forde et al., 2009; Forde et al., 2011; Niamh Forde et al., 2012; Forde and Lonergan, 2012). Thus,
between day 7 and day 19 (tissue collection), the interaction between estrous expression and P4
concentration would induce the changes in the gene expression of the endometrium critical for
endometrium receptivity or conceptus development.
The expression of estrus can affect the reproductive tissue gene expression during the preimplantation period by modifying the critical cellular pathways related to suppression of maternal
immune system, attachment between conceptus and endometrium and CL maintenance during
pregnancy. Moreover, cows in the Estrus group yielded larger conceptuses which generally promotes
better chances for survivability. The estrus effects appear to have correlation with P4 concentration on
day 7 in a way that could positively influence endometrium receptivity and embryo development.
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Figure 1: Diagram of study
Cows received a 2 mg injection of estradiol benzoate (Estrogin; Farmavet, São Paulo, SP, Brazil) and a
second-use intravaginal progesterone releasing device (CIDR®, originally containing 1.9 g of
progesterone; Zoetis, São Paulo, Brazil) on day − 11, a 12.5 mg injection of prostaglandin F2α (Lutalyse;
Zoetis) on day −4, CIDR removal in addition to 0.6 mg of estradiol cypionate (ECP; Zoetis) and 300 IU of
eCG (Novormon, Schering-Plough Co., São Paulo, Brazil) on day −2, and FTAI on day 0. BS= blood sample,
US= ultrasonographic examination of ovaries, TC= tissue collection and P4= progesterone analysis.

65

Table 1: Primer sequences for gene transcription analysis performed for endometrium, CL, and
embryo

Sequences of primers used for qPCR analysis of endometrium tissue
Gene Symbol Accession
GAPDH
LGALSBP3
SERPINA14
CLD4
IDO
MSX1
SPP1
IL-10
AXIN1
IGLL1

Primer Primer Sequence

NM_001034034.2 F
R
NM_001046316.2 F
R
F
NM_174821.2
R
NM_001014391.2 F
R
NM_001101866.2 F
R
F
NM_174798.2
R
F
NM_174178.2
R
F
NM_174088.1
R
NM_001191398.1 F
R
NM_001083800.1 F
R

GAG ATC CTG CCA ACA TCA A
CTT CTC CAT GGT AGT GAA GAC
CTC TGT CTC CTG GTC TTT
GGG ATT GGA CTT GGA GTA
GAC AGA GTC ACC TCA GAT A
CAT CGA GAA TAC CTC CTT TC
CCC TCA TCG TCA TCT GTA T
CCT TGG AGC TCT CAT CAT
AGC TAT GGT CTC CTT GAG
GCC TCC AGT TCC TCT ATT
AAG CAG TAC CTG TCC ATC
GGT TCT GAA ACC AGA TCT TC
GGA CTT CAC ATC ACA CAT AG
CTC GCT ACT GTT GGT TTC
GCT CAG CAC TAC TCT GTT
GTT GGC AAG TGG ATA CAG
GCC ATC TAC CGC AAA TAC
CGA GAT GCA GTC CTT TAT G
GGA AGC AGC ACG AAT ATC
GGG TCG ATA CTT ATC TTC ATA G

Product
Length (bp)
83
127
91
99
121
88
97
97
93
99
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Sequences of primers used forqPCR analysis of endometrium tissue
Gene Symbol

Accession

Primer Primer Sequence

TIMP2

NM_174472.4

MX2

NM_173941.2

TRD

XM_603355.3

CDH1

NM_001002763.1

RELN

NM_001206458.1

EMMPRIN

NM_001075371.2

LIFR

NM_001192263.1

SLPI

NM_001098865.2

MYL12A

NM_001015640.2

MYH10

NM_174834.1

F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F
R

GGT CAC GGA GAA GAA CAT
TCC TCG ATG TCC AGA AAC
CCA ATC AGA TCC CGT TCA
TGA AGC AGC CAG GAA TAG
GTC GCT TGT TTG GTG AAG
CCA GGT GAG ATG GCA ATA
CTG AGA ACG AGG CTA ATG T
GGT CTG TGA CGA CGA TAA A
GGG TGT GCC AAT CAA TTC
CTG GGT AAC AGC CTT CTT
GGT CAC CAT CAT CTT CAT CTA
AGA GCC TAT GTC TTC ATC ATC
GCT CTT GGA ATG GGA AAT AG
CCA GAC TGA GAT GAG TTA CA
GCC TTG GAG ATG AGA AAC
GGT CCA GAC ATT CAG TTC
CAC CAT TCA GGA GGA TTA C
GTC AAT AGG TGC TTC TCT G
GAC TAC CAG CGT GAA TTA G
CCT GCA ACT GAA GGA TTT

Product
Length
(bp)
126
115
104
132
100
73
98
96
100
115
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Sequences of primers used forqPCR analysis of endometrium tissue
Prime
r

Gene Symbol

Accession

MYH9

NM_001192762.1 F
R
F
DQ452014.1
R
NM_001206269.1 F
R
XM_005214320.1 F
R
NM_001206024.1 F
R
NM_001192299.1 F
R
NM_001101310.1 F
R
F
NM_174828.2

IGHG1
FDZ4
FZD8
WNT3
AXIN2
GSK3B
GLYCAM1

R
SELL
WNT2

NM_001076141.1 F
R
NM_001013001.1 F
R

Primer Sequence
GAC AAG AGT GGC TTT GAG
GTT CAC CTT CAC CTT CTT C
GAC CCT CTG TCT TCA TCT
GTT TAC CTC CAC GTT GTC
GTT CCA TCT GGT GGG TTA TTC
GCT GCG ATG TGG AAA TAA GA
CCT ATA TGC CCA ACC AGT TC
CAT GCT GCA CAG GAA GAA
AGA AGC GGA AGG AGA AGT
CAC GTC ATA GAT GCG GAT AC
GGA GAA ATG CGT GGA TAC TT
GTA GAT CGC TTT GGC TAC TC
GGG TCA TTT GGT GTC GTG TAT C
GAT CTG GAG CTC TCG GTT CTT A
CCT CTG CTC AGT TCA TCA GG
TCT GAT CAC AAT TTG CTC TTT
GG
GGT GGG AAC CAA CAA ATC
CAC AGT CCT CCT TAC TCT TC
TCC TGT GAC CCA AAG AAG
GCA AAC TTG ATC CCA TAG TC

Product
Length
(bp)
96
146
106
122
83
103
97
97

86
98
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Sequences of primers used forqPCR analysis of endometrium tissue
Gene Symbol

Accession

CXCL10

NM_001046551.2 F
R
NM_001076259.2 F
R
NM_001205544.1 F
R
NM_001075983.1 F
R
NM_001075986.2 F
R
NM_001144091.1 F
R
NM_001076141.1 F
R
F
NM_1733940.2
R
F
NM_174445
R

PTX3
DKK1
MMP19
APC
FZD7
CTNNB1
MX1
COX-2

Primer

Primer Sequence
GTG TAC CTC TCT CTA GGA ATA C
GGA TTG ACT TGC AGG AAT G
CGC TGA TGC TGT GAT TTC
CCA CCG AGT CAC CAT TTA
CCA TGG GCT GGA GAT ATT
GTG AAG CCT GGA AGA ATT AC
ATC TTG AAC CTA CCG TCT AC
GCC ACA TTG CTC CAA TAC
GAG CCC TTC ACA GAA TGA
CTC AGG ATA CAC GGG ATA AG
GGG TGT GCC AAT CAA TTC
CTG GGT AAC AGC CTT CTT
CCC TTT GTC CAG CAA ATC
CTG TGT TCC ACC CAT AGA
AGT CCA TCC GAC TAC ATT TC
CTT CTT CTG CCT CCT TCT C
AGGTGTATGTATGAGTGTAGGA
GTGCTGGGCAAAGAATGCAA

Product
Length
(bp)
107
101
100
83
118
138
119
102
484
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Sequences of primers used forqPCR analysis of CL tissue
Gene Symbol

Accession

BAX

NM_173894.1

CYP11A1
BCL-2
NOS2
NOS3
FGF2
sTAR
3BHSD
PGF2α
receptors
OXYTOCIN

Primer

Primer Sequence

Product
Length
(bp)
98

F
R
F
NM_176644.2
R
NM_001166486.1 F
R
NM_001076799.1 F
R
F
NM_181037.3
R
F
NM_174056.3
R
F
NM_174189.2
R
F
NM_174343.3
R

TCT GAC GGC AAC TTC AAC TG
CCA TGA TGG TCC TGA TCA ACT C
GAA TTA CCC AGG CAT CCT CTA C
TCT CCG TAA TAT TGG CCT TGA C
ATC GTG GCC TTC TTT GAG TTC
TCA GGT ACT CGG TCA TCC AC
GAG CTT CTA CCT CAA GCT ATC G
TCT ATC TCC TTT GTT ACT GCT TCC
GAT GGT CAA CTA CAT CCT GTC C
GGT CTT CTT CCT GGT GAT GC
CAA CAG AAG ACC TAG GGA AGA C
ACA GCC AAC TCC TAA CAT CC
TAC ACC ATG TGG AAT GTC AGG
CCT GTG TCA GTT GTA CAG TCT C
GGT AAC GTG GCC TGG ATG
CTT GTA GGG CGA GTT GTC ATA G

D17395

F

TTAGAAGTCAGCAGCACAG

98

M25648.1

R
F
R

ACTATCTGGGTGAGGGCTGATT
GTCTGCACCATGGCAGGTT
CAGGGGGCAGTTCTGAATGT

125

97
104
94
100
124
104
123
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Sequences of primers used forqPCR analysis of embryo tissue
Gene Symbol

Accession

Primer

Primer Sequence

PLAU

NM_174147.2

HOXB7

NM_174342.2

FTH1

NM_174062.3

EEF1A1

NM_174535.1

GPX4

NM_174770.3

ISG15

NM_174366.1

F
R
F
R
F
R
F
R
F
R
F

CTA GGG AGA AAG AAG AGT TCC
TCG ATG CCT CCT GTA GAT
ACC TAC ACC CGC TAT CA
TGA TCT GTC TTT CTG TGA GG
AGG TGG AAG CCA TCA AAG
GGG TGT GCT TGT CAA AGA
CTG GAA GAT GGC CCT AAA T
GGG AGG ATA ATC AGA GAA GC
GCT GGC TAT AAC GTC AAA TTC
GCT GGA CTT TCA TCC ATT TC
GTA CAA GCA GAC CAG TTC

IL-6

NM_173923.2

BMP15
IFN-tau

F
R
NM_001031752.1 F
R
F
AF238612
R

CTT CAA ACG AGT GGG TAA AG
TAC TTC ATC CGA ATA GCT CTC
CAT ACA GAC CCT GGA CTT TC
GAG AGG TGG GAA TGA GTT AG
GCCCTGGTGCTGGTCAGCTA
CTT CAT GAG GCC GTA TTC

Product
Length
(bp)
125
118
102
102
91
84
97
108
102
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Table 2: Flowchart of gene function
In this table, all genes studied in this thesis have been grouped according to their function in the encometrium preparation, CL, and embryo
development

Endometrium

Corpus Luteum

Embryo

Adhesion
molecules

Immune
system

Growth and
development

Apoptosis Angiogenesis

Steroid
biosynthesis

Morphogenesis

MMP19
CLD4

IGLL1
SELL

CTNNB1
WNT2

BCL2
BAX

STAR
PGF2α
receptors
3βHSD
OXYTOCIN
CYP11A

PLAU
HOXB7

GLYCAM1 CXCL10
TIMP2
PTX3
SPP1
TRD
LGALSBP3 MX2
SERPINN
MX1
EMMPRIN IL-10
CDH1
IDO
MYH9
LIFR
MYH10
IGHG1
MYL12A
SLPI
Steroid biosynthesis
COX2
OXYTOCIN

DKK1
AXIN1
AXIN2
APC
FZD7
GSK3β
MSX1
RELN
FZD8
WNT3
FZD4

NOS2
NOS3
FGF2

Maternal
recognition
of
pregnancy
IFNT
ISG15

BMP15
GPX4
EEF1A1
IL-6
FTH1
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Table 3 : Descriptive statistics of reproductive parameters collected on days 7 and 18 of pregnancy in
cows detected estrous and not detected estrous at the time of AI
Parameteres

Estrus cows

Non-Estrus cows

P-value

BCS

3.30 ± 0.10

3.45 ± 0.10

0.10

Follicle size (mm)

14.00 ± 0.98

14.2 ± 1.02

0.89

P4 on day 7 (ng/ml)

3.80 ± 0.90

5.20 ± 1.00

0.34

P4 on day 18 (ng/ml)

3.89 ± 0.74

4.43 ± 0.78

0.62

CL size on day 7 (cm)

6.96 ± 0.82

8.82 ± 0.86

0.10

CL size on day 18(cm)

10.5 ± 0.98

9.42 ± 1.05

0.45

Embryo size (cm)

38.30 ± 2.82

28.20 ± 2.96

0.02

IFN concentration (pg/ml)

8.30 ± 1.73

10.20 ± 1.91

0.47
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Figure 2: Effect of estrus expression on endometrium gene expression
Significant fold difference based on estrous expression referent has been shown for genes with
significant pattern of expression in endometrium tissue. For this graph, the asterisks (*), (**), (***) and
(+) refer to P-value=0.0.5, ≤0.01 ≤0.001 and ≤ 0.1 respectively.
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Figure 3: Genes not affected by estrous expression in the endometrium tissue
Non- significant expression of genes based on estrous expression have been shown in this figure. A), B),
and C) sections refer to immune system related, adhesion, and growth/developmental genes,
respectively.
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Figure 4 : Effect of estrus expression on corpus luteum genes involved in steroidogenesis.
Angiogenesis and apoptosis
Significant fold difference based on estrous expression referent has been shown for genes with
significant pattern of expression in corpus luteum tissue. For this graph, the asterisks (*) and (**) refer
to P-value ≤0.0.5, ≤0.01 respectively.
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Figure 5 : Effect of estrus expression on embryo genes involved in morphogenesis, immune system,
and protein synthesis
Significant fold difference based on estrous expression referent has been shown for genes with
significant pattern of expression in embryo tissue. For this graph, the asterisks (*) and (+) refer to Pvalue ≤0.0.5, and ≤0.1 respectively.
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Figure 6: Effect of P4 concentration in day 7 on endometrium gene expression
Effect of P4 concentration on day 7 has been shown for endometrium gene expression. For this graph,
the asterisks (*), (**), (***) and (+) refer to P-value ≤0.0.5, ≤0.01 ≤0.001 and ≤0.1 respectively.
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Figure 7: Interaction between P4 and estrous expression and its effect on endometrium gene
expression
For this graph, the asterisks (*), (**) and (+) refer to P-value ≤0.0.5, ≤0.01 and ≤0.1 respectively and they
belong to each three group of bars.
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Figure 8: Effect of embryo size on embryo gene expression
Effect of embryo size difference on embryo genes expression has been evaluated and just those, which
showed a significant up- regulation, have been shown in this table. For this figure, the asterisks (*) and
(**) refers to P-value ≤0.05 and ≤0.01 repectively.
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3 General discussion
3.1

Summary
The reproductive success of dairy and beef farms is directly dependent upon conception rates

and detection of estrus. Pregnancy loss, on the other hand, can have destructive effects on long term
management conditions and economic output from these operations. Early embryonic loss in dairy
cattle for example has been recorded as one of the critical fertility issues in this industry.
There are a number of studies in the literature regarding the effect of P4 or E2 on modulation of
fertility, both large field trials and basic studies aiming for gene expression patterns in embryo-maternal
crosstalk. In spite of a significat body of knowledge, the changes in the endometrium transcriptome of
the pre-implantation phase caused by the expression of estrus near AI was relatively unknown.
Identifying cows in estrus is a critical stage to proceed for a successful AI. In this study, I investigated the
effect of estrous expression of beef cattle on the ovarian dynamics, conceptus parameters and
expression of genes important in conceptus-maternal cross-talk. Results from our study showed that
estrous expression had no correlation with parameters such as: BCS, pre-ovulatory follicle diameter,
concentration of P4 on days 7 and 18 post-AI and concentration of IFNT in the uterine flush. However,
we could see a significant increase in conceptus length from cows that showed estrus compared with
those did not. We analyzed the expression of genes related to immune system, adhesion and
attachment, wnt signaling, steroids synthesis, apoptosis, embryo growth and development in the
endometrium, CL, and embryonic tissues. The most affected genes by estrous expression in the
endometrium belong to the immune system family and adhesion molecules. No significant difference
between the two groups was found for wnt signaling-related genes. This lack of difference for the wnt
signaling pathway could be explained by a possible temporal factor. Regarding the gene expression
pattern observed for CL, there was a down-regulation of genes related to apoptosis, synthesis of P4 and
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luteolysis in cows that expressed estrus at AI. There was a numerical, although not significant, decrease
in the concentration of P4 in plasma on days 7 and 18 that is possibly correlated with this gene downregulation. We could explain this down-regulation for P4 synthesis as it correlates with non-significant
but numerically lower amount of P4 concentration on days 7 and 18. The reduction of BAX and PGF2α
receptor are in line with the initial hypothesis that estrus expression could improve the gene expression
profile in favour of CL maintenance. We also observed a pool of nine genes in the embryonic tissue, but
only four of them had its expression modulated by expression of estrus. All four genes were downregulated, but no clear pattern of gene functions was found. We believe that embryo genomic activation
could have played a role and that most changes likely occurred earlier, possibly up until the morula
stage. Further studies are warranted to prove this hypothesis.

3.2

Limitations
One limitation of this study was the time point of collecting samples. Ideally, we could have

measured embryo and ovaryan dynamics in two different days (7 and 18 of gestation). Measurement of
E2 concentrations during the proestrus and a more thorough following of follicular dynamics would
probably be ideal to remove any confounding factors. A major challenge regarding the points above
cited is the operational limitations related to working with Nelore cows in a beef cattle farm. For
example, the lack of differences observed for wnt signalling genes could be answered by a sequential
collection of tissues during early gestation (Aparicio et al., 2010). A similar pattern was observed for ISGstimulated genes expression in the endometrium as we observed some adhesion related genes not
affected by estrous expression. Thus collecting samples at different time points during pregnancy,
especially the first three weeks of gestation, could give us an understanding of the temporal profile of
target genes affected by estrous expression. Regarding embryo development and genome activation,
there is also some evidence that each is activated in a specific stage. The BMP15, for example, showed
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temporary and weak reactivation between the four and eight-cell stages in a study of global expression
evolution in mouse pre-implantation development (Hamatani et al., 2004). IFNT synthesis and secretion
occurs between days 10 and 25 with maximum production on days 14 to 16 (Bazer, 1992; Roberts et al.,
1999) in sheep. It could be concluded that by the day 19 of gestation, IFNT concentration had already
been reduced and does not necessarily reflect the IFNT synthesis potential. This possibility if further
corrobated by the fact that cows in the Estrus group yielded significantly larger conceptus.

3.3

Future direction
Although this thesis main focus was on the effect of estrous exposure on reproductive gene

expression, considering P4 concentration as an important contributing factor in CL maintenance and
embryo development during pregnancy will be noteworthy. Some follow up studies such as testing
protein expression of those statiscally significant genes could explain if these genes have consistent upregulation pattern after post-translational modifications. Additionally, as I discussed in limitation
section, determination of IFNT concentration in different time-points of pregnancy will help to unveil if it
is affected by estrous expression more accurately. In addition, a follow up study to investigate different
concentrations of P4 during follicle growth in cows expressing estrus could provide a more precise
relationship between lower concentration of P4 and estrous expression.

3.4

Conclusions
Early embryonic loss in dairy industry has gained more attention over past years and recent

studies have focused on possible mechanisms related with this abnormality. Expression of estrus at the
time of AI was a major contributing factor related to changes of the transcriptome in reproductive
tissues. This thesis demonstrated that a complete E2 exposure during proestrus and estrous expression
at the time of AI could actively affect the gene expression of reproductive tissues during pre-
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implantation phase. The effects on the reproductive tissue transcriptome were more pronounced in the
endometrium as the main site of dynamic remodelling to prepare a receptive site for embryo
implantation. Furthermore, the immune system, adhesion molecules and the PGF2α cascade likely
coordinate the major changes in the endometrium transcriptome affected by the expression of estrus.
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