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The trophectoderm-derived factor interferon tau (IFNT) maintains the uterus in a 

pregnancy-receptive state during the early stages of pregnancy in cattle and sheep. Fibroblast 

growth factors (FGFs) are implicated in regulating IFNT expression and potentially other critical 

events associated with early conceptus development in cattle. Our overall objectives were to 

identify FGFs and FGF receptors (FGFRs) expressed in elongating, pre-attachment bovine 

conceptuses and determine if these FGFs regulate conceptus development and mediate IFNT 

production.  In vitro-derived bovine blastocysts and in vivo-derived elongated conceptuses 

collected at d 17 of pregnancy express at least four FGFR subtypes (FGFR1c, FGFR2b, 

FGFR3c, and FGFR4).  In addition, transcripts for FGF1, FGF2 and FGF10, but not FGF7 are 

present in elongated bovine conceptuses.  The expression pattern of FGF10 most closely 

resembled that of IFNT, with both transcripts remaining low in d 8 and d 11 conceptuses and 

increasing substantially in d 14 and d 17 conceptuses. Supplementation with recombinant FGF1, 

FGF2 or FGF10 increased IFNT mRNA levels in bovine blastocysts. Blastocyst cell numbers 

were not affected by exposure of blastocysts to any of the FGFs.  In summary, at least four 

FGFRs preside in pre- and peri-attachment bovine conceptuses.  Moreover, conceptuses express 
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at least three candidate FGFs during elongation, the time of peak IFNT expression. These 

findings provide new insight for how conceptus-derived factors such as FGF1, FGF2 and FGF10 

may control IFNT production during early pregnancy in cattle. 

 

 

 

 



 

CHAPTER 1 
INTRODUCTION 

Several crucial developmental events must occur during the early phases of conceptus 

growth and proliferation in order for the pregnancy to survive to term. Embryonic cells begin to 

divide right after fertilization and the continuous proliferation and differentiation of these cells 

generates the embryonic and extraembryonic tissues that form the fetus and placenta. During the 

initial phases of development, the conceptus announces its presence to the maternal reproductive 

system and initiates  physiological modifications that maintain a pregnancy-receptive uterus [1]. 

In cattle and sheep, sustaining a uterine-receptive state, which is a progesterone-dominated 

environment, occurs because of placental production of a Type I interferon, termed interferon-tau 

(IFNT).  Ideal development of the initial placental tissue lineage (trophectoderm cells) and 

sufficient production of IFNT are, therefore, essential for pregnancy success in cattle and 

presumably other ruminants. Approximately 57% of all failed pregnancies in cattle occur due to 

early conceptus mortality, which typically happens between d 3 to 21 of gestation [1]. Problems 

associated with reproduction in beef and dairy cattle result in extended calving intervals, 

decreased lifetime milk production, and increased number of artificial inseminations required to 

produce one live calf [2]. These issues typically result in significant economical loss, especially 

for dairy producers, which can lose an average of $550 in lifetime milk potential with each 

reproductive cycle that fails to produce a calf [3].  

Researchers are beginning to uncover uterine- and/or conceptus-derived factors expressed 

during early conceptus development that may be associated with pre-attachment conceptus 

development and IFNT production in cattle and other ruminants. The focus of this thesis is to 

discuss how conceptus development normally occurs in cattle, explain some of the basic 

concepts of maternal recognition of pregnancy in cattle, describe how uterine-derived factors 
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may impact pre- and peri-attachment conceptus development, and evaluate a group of factors, 

termed fibroblast growth factors (FGFs), that appear to be playing active roles in conceptus 

development by regulating IFNT expression during early pregnancy in bovids. 
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CHAPTER 2 
LITERATURE REVIEW 

Early Conceptus Development in Ruminants 

Conceptus development begins right after fertilization, when embryonic cells start to 

divide. Fertilization is the process in which male and female pronuclei fuse to result in the 

creation of a new diploid organism [4]. Once syngamy occurs, the zygote undergoes mitosis and 

these cleavage divisions generate embryonic cells termed blastomeres. This newly formed 

structure is generally classified as a conceptus because it contains the cells that eventually will 

form both the embryonic and extraembryonic components of a fetal/placental unit.  The first few 

cell divisions occur within the oviduct and during the 8 to 16-cell stage of development, or 

approximately 96 hour post fertilization, the bovine conceptus enters the uterine body. As the 

conceptus undergoes further mitotic divisions cells can no longer be visualized and the resulting 

mass of cells is classified as morula.  

The first differentiation step in conceptus development forms a structure that contains 

both embryonic and extraembryonic cells. This structure, referred to as a blastocyst, contains 

flattened outer trophoblast cells and pluripotent inner cell mass cells. Fluid accumulation in the 

center of the conceptus forms a cavity named the blastocoele [5, 6]. Tight-junction formation is a 

prerequisite for blastocoele formation and expansion of the blastocyst. The timing of blastocoele 

formation varies among individual conceptuses and depends on the amount of fluid entering the 

cavity and the rate of tight junction formation among blastomeres [5, 7, 8]. The formation of the 

blastocoele usually occurs between d 7 and 9 post-fertilization in cattle. The blastocyst is now 

composed of two distinct cell populations: 1) inner cell mass (ICM) and 2) trophectoderm. The 

latter will give rise to the outer layer of the placenta, whereas the ICM, also termed embryonic 
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disc or epiblast [5], will provide the cells that eventually develop into the three germ layers of the 

conceptus and extraembryonic membranes [9]. 

Germ Layer Differentiation 

During the first mitotic divisions, from 2 to 8-cell stages, blastomeres are considered 

totipotent, which is a term used to describe cells containing the potential to develop into all the 

cell and tissue types needed to form an  individual [10]. As conceptus development advances, 

this characteristic remains in some blastomeres, but not others. The ICM and trophectoderm are 

sources of embryonic stem cells and trophoblastic stem cells, respectively; however, some 

differences exist between these two cell populations. The ICM contains factors detected in 

embryonic stem cells (OCT4, SOX2 and NANOG [11-13]) that appear to be crucial for 

totipotency. In contrast, the trophectoderm does not produce these factors [14]. Rather 

trophectoderm cells produce their own set of factors thought to be involved with trophectoderm 

formation and maintenance (examples include CDX2, DLX3 and EOMES [15-17]). 

Following the first mitotic divisions, subsequent conceptus development depends on 

shedding of the zona pellucida, which occurs at approximately d 9 to 10 of development. The 

pressure promoted by the growing and fluid-filled blastocyst induces a small tear in the zona 

pellucida, which allows the blastocyst to escape from the zona pellucida in a process termed 

hatching [18, 19]. Once hatched, the ICM becomes more prominent (now termed epiblast) and is 

overlaid by a thin layer of trophectoderm cells, referred to as Rauber’s layer [18]. As conceptus 

development progresses, the trophoblastic cells forming the Rauber’s layer degenerate [18, 20]. 

Through this process, the epiblast becomes exposed to the external environment and the 

embryonic disc is established. 

During the following several days of development, the growing bovine and ovine 

conceptus remains free floating in the uterine lumen, while embryonic and extraembryonic 

14 
 



 

development continues [5].  Several placental tissues form during the second week of pregnancy.  

Extraembryonic endoderm emerges from the ICM between d 8 and 10 and underlies the 

trophectoderm. These cells will eventually designate the inner-most layer of the yolk sac. On d 

12 to 14 post-fertilization, the outer cells of the ICM begin to polarize and will form the 

embryonic ectoderm [5]. Between d 14 and 16, an extraembryonic mesoderm migrates from the 

ICM between the trophectoderm and endoderm and separates the yolk and amniotic sacs.  It 

eventually will  form the inner border of the chorion and outer-most layer of the umbilical cord 

[21]. 

Gastrulation is a process involving complex cellular migrations that occur to form the 

primitive streak. In cattle, the initial formation of precursor cells for the primitive streak begins 

on d 14 of development, when the invagination of cells from the internal surface of the epiblast 

takes place. Brachyury, a marker for mesoderm formation, is expressed in bovine conceptuses at 

this developmental period [22]. Between days 14 and 21 of development, a series of additional 

developmental events occurs within the epiblast. These events include the completion of 

gastrulation, neurulation and eventual formation of somites [20, 22]. A second extraembryonic 

mesoderm, termed the allantois, also emerges around this period of development [5, 20, 23]. 

Lastly, the encroachment of mesoderm and inversion of the trophectoderm causes the aminiotic 

cavity to form. Finally, between d 20 and 22 of development, a heartbeat is detectable by 

ultrasonography [24]. 

Conceptus Elongation 

After hatching from the zona pellucida between d 8 and 10 post-fertilization, the 

conceptus undergoes a dramatic physical transformation and progresses from a spherical to a 

tubular shape over the course of just a few days. This process happens concurrently with the rise 

of embryonic cell layers, usually between d 14 and 16 of pregnancy in cattle [5, 21]. Around d 
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12-13 of development, bovine conceptuses usually are spherical in shape, measuring about 0.5 

mm in diameter, and between d 14 and 16 the conceptuses become more tubular and 

filamentous, though a wide range of shapes and lengths have been described [5, 20, 25]. At 

approximately d 17 to 18 of development, the conceptus may inhabit two-thirds of the uterine 

horn ipsilateral to the ovary containing the corpus luteum, sometimes reaching more than 160 

mm [26]. As trophectoderm cell proliferation continues, by d 18 to 21 the conceptus reaches a 

significant length. Typically, the conceptus occupies the entire length of the uterine horn, as well 

as part of the contralateral horn, and most viable pregnancies usually will be comprised of 

embryonic disks that are at least 2.86 cm in length and trophectoderm that span 30 cm in length 

[20]. 

Implantation and Placenta Development 

The extensive trophectoderm growth and remodeling that occurs during the second and 

third weeks of pregnancy are thought to be a prequel for two upcoming events: 1) the 

communication between conceptus and the maternal system that is commonly referred to as 

maternal recognition of pregnancy, and 2) apposition, adhesion and implantation processes that 

eventually form the placenta. Maternal recognition of pregnancy will be described later in this 

review, whereas a discussion on implantation will follow. Implantation is the term used to 

describe the transitional stage of pregnancy, when the conceptus attaches to the endometrium and 

begins to exchange substances with the uterus [27, 28]. The timing of implantation varies among 

species. In mice and humans implantation begins at d  4 and 9 post-fertilization, respectively, but 

in sheep and cattle, apposition and adhesion events that initiate the implantation process are not 

initiated until around d 15 and 19, respectively [29]. 

 Apposition of the conceptus involves the trophectoderm becoming closely associated 

with the endometrial luminal epithelium followed by unstable adhesion [30]. The apposition of 
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the blastocyst is ensured by interdigitation of cytoplasmic projections of the trophectoderm cells 

and uterine epithelial microvilli [31, 32]. In sheep, apposition occurs first in the surrounding area 

of the inner cell mass, and spreads toward the extremity of the elongated conceptus [30]. On d 16 

of development, the trophoblast begins to adhere firmly to the endometrial luminal epithelium. 

Uterine flushing to recover the conceptus causes superficial structural damage at this time [30]. 

Adhesion of the trophectoderm to the endometrial luminal epithelium progresses along the 

uterine horn and appears to be completed around d 22 in the sheep [32]. In ruminants, the uterine 

glands are also sites of apposition [32, 33]. Between the caruncles, the trophoblast develops 

finger-like papillae, which penetrate into the mouths of the superficial ducts of the uterine glands 

between d 15 and 18 in sheep [32, 34]. Similar features were described in the cow conceptus 

from d 15 of pregnancy, but, curiously, the goat conceptus lacked trophoblast papillae [30].  

Some mechanisms for apposition and adhesion have been described in a number of 

mammalian uteri. Progesterone receptors (PR) are expressed in the endometrial epithelia and 

stroma during the early to midluteal phase, but its expression decreases immediately before 

implantation [35, 36]. Therefore, regulation of endometrial epithelial function during the peri-

implantation period may be dependent on loss of epithelial cell PR and/or be directed by specific 

factors produced by PR-positive stromal cells [35, 36]. The loss of the PR by the endometrial 

epithelium can be directly correlated with reduced expression of certain genes, such as the anti-

adhesive protein MUC1. Furthermore, PR loss in the endometrial glandular epithelium appears to 

be required for the onset of expression of other genes during pregnancy, such as galectin-15, 

osteopontin and ovine uterine serpins (or uterine milk proteins) [30]. 

The degree of separation between fetal and maternal blood supplies differs among 

mammals. In general, placentae can be classified into one of two major groups: superficial or 
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invasive [37]. In rodents and primates a hemochorial placentation occurs. During this type of 

invasive implantation, trophoblast cells build a highly conductive stream bed for maternal blood, 

which allows for adequate maternal blood flow at low placental blood pressure forms [38]. In 

ruminants, a superficial implantation occurs, but unlike the superficial placenta formed in other 

mammals such as the pig, ruminants posses a limited amount of placental invasion that forms a 

cotyledonary, synepitheliochorial placentation [39]. Synepitheliochorial placentation involves 

the fusion of placental cotyledons with endometrial caruncles to form structures known as 

placentomes, which serve a primary role in fetal–maternal gas exchange and derivation of 

nutrients by the placenta [21, 33, 37, 39]. Placentome formation begins approximately at d 21 in 

cattle and attachment is normally completed by d 40 of pregnancy [40]. Placentomes grow 

throughout gestation, and the increase in their surface area promotes nutrient, gas and waste 

exchange between the mother and the fetus, and functions as a barrier by preventing the 

migration of non-placental cells across the two individuals [41]. Cattle have anywhere from 70 to 

120 placentomes that are spread across the uterine surface [39]. These placentomes are found in 

both uterine horns, but are larger in the horn that contains the fetus. Towards the end of gestation 

in cattle, placentomes can reach 10-12 cm of length and 1-3 cm of thickness [21, 39]. 

An interesting feature of bovine and ovine placentae is the presence of binucleate cells 

(BNC), which represent trophectodermal cells that migrate from the trophoblast to the maternal 

epithelium and promote endometrial invasion in ruminants [39, 42-44]. The BNC have at least 

two main functions: 1) to form a hybrid feto-maternal syncytium essential for successful 

implantation and subsequent placentomal growth, and 2) to synthesize and secrete protein and 

steroid hormones, such as placental lactogen and progesterone, that regulate maternal physiology 

[30, 35, 39, 45]. These cells are derived from mononucleate trophectoderm cells and experience 
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a process termed acytokinesis, in which nuclear division occurs without cytoplasmic division. 

Once they become binucleate, the cells migrate to the maternal epithelium and fuse with 

maternal epithelial cells to form trinucleate hybrid cells. The lyses of these giant placental-

uterine cells generate the syncytium during early pregnancy [39, 43, 44]. In cows, these cells are 

first detected around d 16 to 17 of pregnancy, and represent about 20% of all the trophectoderm 

cells by d 25 of pregnancy. A few days before parturition there is a significant decrease in BNC 

number [39, 46, 47]. The presence of BNC throughout gestation likely assists with uterine-

placental communication and promotes nutrient and gas exchange [39]. The secretory capacity of 

BNC is attributed to their large secretory organelles, which compose about 50% of their volume 

[39, 42]. 

Maternal Recognition of Pregnancy in Ruminants 

In most mammals, critical biochemical events must take place during early pregnancy in 

order for the newly formed conceptus to develop beyond the length of a normal estrous or 

menstrual cycle.  In many mammals, a conceptus-derived signal prompts continued corpus 

luteum (CL) function and its production of progesterone sustains a pregnant-receptive state in the 

uterus for either a portion or the entire pregnancy depending on whether placental sources of 

progesterone eventually take over as the primary progesterone source.  If the conceptus fails to 

initiate this procedure, the mother returns to estrus and the pregnancy is lost. In cattle, sheep and 

presumably other ruminants, the key factor involved with this process is a protein termed 

interferon-tau (IFNT). 

Discovery of IFNT 

The first descriptions of maternal recognition of pregnancy in ruminants were studied in 

sheep and cattle by Drs. Moor and Rowson. Through conceptus transfer and removal 

experiments, they determined that the presence of a viable embryo on d 12 in ewes and on d 16 
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in cows was required for maintenance of the CL [48-53]. In related work, they used conceptus-

derived products to artificially lengthen the lifespan of the CL  [48].  In 1979, Martal et al. [53] 

determined that injections of homogenates or protein extracts from d 14 to 16 ovine conceptuses 

effectively extended the life of the CL beyond the time of a normal estrous cycle, whereas 

homogenates from d 21 to 23 ovine embryos did not have this effect [53]. This conceptus-

derived substance was termed trophoblastin. In subsequent work at the University of Florida, a 

series of low molecular weight proteins (19 to 26 kDa) produced by ovine and bovine 

conceptuses was identified during this time when conceptuses are able to produce a substance to 

sustain CL function [54-57]. A purified preparation of these proteins, termed ovine trophoblast 

protein-1 (oTP-1), prolonged luteal actions after injection into the uterine lumen of non-pregnant 

ewes [57]. Soon thereafter, putative oTP-1 cDNA was identified from an ovine conceptus cDNA 

expression library by screening with antiserum directed against oTP-1.  Sequencing determined 

that the cDNA was structurally similar to Type I IFNs, a family of proteins that include the alpha 

(α), beta (β), omega (ω), and delta (δ) IFNs [58]. Consequently, oTP-1 and bTP-1 (the bovine 

counterpart) have since been referred to as IFNT to reflect their designation as a trophectoderm-

derived IFN.  

Biological Roles of IFNT 

The estrous cycle in ruminants is a uterine-dependent system that promotes spontaneous 

ovulation. The basic events of CL regression are well described [59, 60]. In brief, during late 

diestrus (between d 13 and 15 post-estrus in the sheep and d 17 and 20 post-estrus in the cow), 

oxytocin-dependent pulses of prostaglandin F2α (PGF2α) are released from the endometrium and 

reach the ovaries to induce the functional and structural regression of the CL [61]. The CL 

produces and stores oxytocin, which is then released in response to PGF2α stimulation and causes 

subsequent pulses of uterine PGF2α release. The luminal and superficial glandular epithelium are 
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primary sources of PGF2α during luteolysis, and oxytocin acts on these target tissues by binding 

to its plasma membrane-associated receptor, which is expressed late in diestrus during the 

initiation of the regression of CL [62, 63]. 

The primary function of IFNT during early pregnancy is to extend the lifespan of CL by 

preventing oxytocin-mediated release of endometrial PGF2α during late diestrus [64-66]. In a 

pregnant animal, oxytocin receptors are not expressed on the luminal and glandular epithelial 

endometrium at the time of normal luteolysis [62, 63], and the amount and frequency of PGF2α 

pulses is decreased and usually totally abolished. In the sheep, IFNT controls oxytocin receptor 

expression indirectly by limiting the expression of estrogen receptors [60]. A similar event 

occurs in cattle, although the antiluteolytic mechanism seems to be more complex. In pregnant 

cows, IFNT induces down-regulation of the oxytocin receptor before any changes in estrogen 

receptor abundance is noted [67-69]. Therefore, it appears that IFNT is able to affect estrogen 

receptor activity prior to its down-regulation in the bovine endometrium [70, 71]. 

The extension of luteal activity and the duration of estrous cycle can be manipulated in 

non-pregnant sheep and cattle by providing exogenous IFNT into the uterine lumen, and thus 

creating a pseudopregnancy to assess how IFNT acts to prevent CL regression [57, 72-75]. This 

approach was also used to describe differences in antiluteolytic activity of specific IFNT 

isoforms [73, 76]. 

The suppression of oxytocin-induced PGF2α release may not be the only way IFNT 

prevents luteolysis. It also appears to modify prostaglandin metabolism in the endometrium early 

in gestation, and this may represent a second way by which IFNT extends luteal activity in 

ruminants. The synthesis of endometrial-derived prostaglandins is mediated by several enzymes. 

Phospholipase A2 (PLA2) cleaves membrane-bound phospholipids to generate arachidonic acid 
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[77]. This acid is then converted to prostaglandin-H2 (PGH2) by cyclooxygenase-1 and -2, which 

are also known as prostaglandin endoperoxide H synthases 1 and 2 (PGHS1 and PGHS2). PGH2 

is then converted to several other PGs by specific enzymes, including PGE and PGF synthases 

(PTGES and PTGFS, respectively), which generate PGE2 and PGF2α respectively. Recombinant 

bovine IFNT is able to stimulate the secretion of PGE2, thus enhancing the PGE2/PGF2α ratio 

[78]. A biphasic prostaglandin response to IFNT treatment has been described by several 

authors. Lower levels of IFNT similar to levels found during early conceptus development at the 

time of maternal recognition of pregnancy suppress PGHS2 expression in primary bovine 

endometrial cells or a bovine endometrial cell line (BEND cells) [79-81]. Conversely, exposure 

to high concentrations of IFNT in these cell types, similar to the levels found in the uterus after 

pregnancy recognition, stimulates PGHS2 expression [79, 81]. In conclusion, IFNT appears to 

shift prostaglandin synthesis away from PGF2α and towards PGE2, consequently allowing the 

putative luteotrophic activity of this prostaglandin to support CL maintenance [82-85].  

Type I IFNs also contain immunosuppressive, antiviral and antiproliferative activities, 

and it is possible that these actions play a role during pregnancy maintenance in cattle, sheep and 

other ruminants. IFNT inhibits the proliferation of cultured lymphocytes [86, 87], and reduces 

the production of mitogen-stimulated or certain mixed subpopulation of lymphocytes [86, 88-

91]. IFNT also increases granulocyte chemotactic protein-2 synthesis in the endometrium, which 

in turn stimulates natural killer cells [92, 93]. Moreover, IFNT controls the expression of major 

histocompatibility complex (MHC) class I molecules in the luminal epithelium during 

placentation [94]. These activities may be critical for the newly formed conceptus to not be 

mistaken as a foreign structure, while in the maternal environment.   
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It also is evident that IFNT mediates the expression of several uterine-derived factors that 

may play facilitative roles during early pregnancy. One factor of key interest is ubiquitin cross 

reactive protein (UCRP), also known as IFN-stimulated gene-15 or -17 (ISG15 or ISG17) [95-

97]. Bovine UCRP conjugates to endometrial cytosolic proteins, and it has been proposed that 

the regulation and/or degradation of endometrial proteins by UCRP support the establishment and 

maintenance of pregnancy in ruminants [98]. IFNT also induces the expression of granulocyte 

chemotactic protein-2, also known as chemokine ligand 6 (CXCL6), which plays an important 

role in chemotaxis and immune responses to stimulants [93]. There are many others IFNT-

induced uterine proteins, including MX proteins [99-101], 2’5’-oligoadenylate synthetase [102], 

β2-microglobulin [103], signal-transducer and activator of transcript (STAT) -1 and -2, interferon 

regulatory factors (IRF) -1 and -9 [104], and a member of the 1-8 family known as Leu13 [105]. 

MX proteins are recognized for their part in the antiviral response, but whether they have a 

critical activity during early pregnancy it is not known [100, 101, 106]. 2’5’-oligoadenylate 

synthetase activates ribonuclease L (RNAse L), which is a constitutively expressed latent 

endonuclease. RNAse L cleaves viral and cellular RNA and reduces viral replication and 

initiation of apoptosis in some cell types [102, 107, 108]. However, like MX proteins, its role 

during maternal recognition of pregnancy remains unclear. Βeta-2-microglobulin recognizes 

foreign antigens and targets them for elimination from the endometrium [94]. The simultaneous 

induction of STAT-1 and STAT-2 and IRF-1and IRF-9 gene expression by IFNT may regulate 

endometrial estrogen receptor and, perhaps, oxytocin receptor expression during pregnancy 

recognition in ewes [104]. Leu13, which is known for its involvement in adhesion, wound 

healing and inflammatory responses, is localized primarily in the glandular epithelium and 

therefore is proposed to be important during placental adhesion [105, 109-111].  
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Interferon-tau Gene Expression 

Type I IFN are expressed by a variety of cell types, however the expression of the IFNT 

gene is unique in at least a few aspects. Firstly, IFNT expression is not induced by viral stimuli. 

The majority of Type I and Type II (IFNγ) IFNs are stimulated during a virus or pathogen 

challenge, whereas IFNT mRNA expression is not detected under such circumstances [112, 113]. 

In addition, transcripts for IFNT are localized exclusively in the trophectoderm [56], and IFNT 

expression is sustained for several days prior to implantation [114-116].  Also, constitutive 

expression of IFNT is limited to a short period of time that coincides with the timing of maternal 

recognition of pregnancy. IFNT protein levels can be assessed in conditioned medium as early as 

the late morula or early blastocyst stage (d 6 and 7 of development) [117, 118]. The abundance 

of IFNT mRNA peaks at d 13 and 14 post-fertilization in cattle conceptuses, whereas the 

synthesis of IFNT protein continues to increase between d 13 and 19 of development [54, 73, 

115, 119, 120]. The extensive protein production that occurs during this period is due mainly to 

the significant elongation of the trophectoderm occurring at this time [54, 55, 121, 122]. High 

levels of IFNT mRNA can be detected until approximately d 19 to 21 post-fertilization in cattle, 

and only low levels exist by d 25 [73, 115, 119]. It has been proposed that the contact between 

the trophectoderm and the epithelial endometrium sets the end of IFNT expression [116]. It is 

known that trophectoderm cells in direct contact with endometrium cease to produce IFNT, but 

the mechanism behind this phenomenon remains speculative [123].  

The necessity for IFNs as pregnancy recognition factors likely is limited to cattle, sheep 

and presumably other ruminants.  However, several IFNs are expressed by placental tissues in 

other mammals. Antiviral activity associated with IFN production is present in the mouse 

placenta [124]. In the human and mouse, IFNα is expressed by the placenta throughout 

pregnancy, and it is thought that this IFN regulates uterine gene expression and immune 
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responses to pathogens [125-128]. In the pig, IFNδ and Type II IFN, or IFNγ, is produced by the 

trophectoderm during the peri-implantation period [129-131]. Neither IFN has been found to 

sustain CL function beyond the length of a normal estrous cycle when provided into the uterine 

lumen of non-pregnant gilts [132]. Therefore, it appears that a facilitative IFN system present in 

several mammals was converted into a required component of pregnancy recognition in an 

ancestor to present day ruminants shortly after they diverged from other Artiodactyls. It is 

proposed that the unique IFNT expression pattern likely was acquired as the ancestral IFNT gene 

was created in percoran ruminant ancestors by duplication of the IFNω gene, in which the 

promoter region of the new IFNT gene was substituted by sequences that allowed placental-

specific gene expression [114, 133, 134]. Transcripts for IFNT have been identified in the 

Bovidae, Cervidae and Giraffidae families by Southern Blot analysis, but comparable genes 

could not be found in other mammalian species [133, 135]. 

To summarize, it is clear that IFNT is critical for the establishment and maintenance of 

pregnancy in sheep, cattle and likely other ruminants due to its ability to extend the lifespan of 

CL when the maternal environment is responsive to IFNT. In this scenario, oxytocin-mediated 

release of endometrial PGF2α during late diestrus is prevented and the conceptus has a chance to 

survive and the pregnancy be sustained to term. 

Uterine Factors Affecting Conceptus Development in Mammals 

The maternal uterus provides a variety of nutrients, enzymes, growth factors, cytokines, 

lymphokines, hormones, transport proteins, and other substances crucial for conceptus growth 

[136]. Although early-stage conceptuses can develop in simple culture media in vitro in the 

absence of exogenous growth factors during the first few days of development, there is 

increasing evidence that essential autocrine and paracrine factors are required for sustaining 

blastomere cell survival and differentiation [137, 138]. Moreover, histotrophic secretions from 
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the endometrial epithelia are required for peri-implantation blastocyst survival and elongation in 

sheep. This hypothesis is supported by results from studies of the uterine gland knockout 

(UGKO) ewe [139, 140]. The UGKO ewe model is produced by continuous administration of a 

synthetic progestin to neonatal ewes from birth to postnatal d 56 [141]. This treatment ablates 

differentiation and development of the glandular epithelia without altering development of the 

stromal endometrium, myometrium, and other reproductive tract structures.  It also does not 

appear to have any adverse effects on the hypothalamic–pituitary–ovarian axis [139, 141]. 

UGKO ewes experience early pregnancy loss in which the blastocyst fails to elongate. Transfer 

of blastocysts from normal fertile ewes into the uteri of timed recipient UGKO ewes produced 

the same outcome [139]. Morphologically normal blastocysts are present in uterine flushes of 

bred UGKO ewes on d 6 and 9 after mating, but not on d 14 [139, 140]. On d 14, uterine flushes 

of mated UGKO ewes contain either no conceptus or a severely growth-retarded tubular 

conceptus.  

Several hormones have been implicated as embryotrophic, or more precisely as 

conceptus-tropic agents during pre- and peri-attachment development in cattle and sheep. One of 

the best studied factors in this regard is insulin-like growth factor 1 (IGF1) [142-145]. It is 

present in the uterus and placenta of several species, including rats [146], humans [146, 147], 

pigs [148], sheep [149, 150] and cows [151, 152]. Many studies have associated IGF1 as an 

embryotrophic factor in porcine, murine, human and bovine conceptus development [153, 154]. 

One apparently important action of IGF1 during initial cleavage stage development is as a cell 

survival agent, where it can decrease the rate of apoptosis during in vitro culture [155, 156]. In 

addition, IGF1 restricts the detrimental effects of heat shock in bovine conceptus culture [157], 

and supplementation with IGF1 prior to conceptus transfer increases pregnancy rates of in vitro 
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produced bovine conceptus transferred into recipients maintained under heat stress conditions 

[158, 159]. 

 Several uterine-derived factors are critical for conceptus development in mice. Included 

among factors that promote early in vitro conceptus development are transforming growth factor 

beta (TGFB), platelet-derived growth factor (PDGF), insulin growth factor 2 (IGF2), and 

epithelial growth factor (EGF) [160-162]. Transcripts for these putative embryotrophic factors 

are detectable throughout pre-implantation development in cattle, suggesting their potential for 

facilitating conceptus development in this species [161, 163, 164]. Certainly a subset of these 

factors impact early cleavage development in culture. Supplementation with PDGF from the one-

cell to blastocyst stage increased bovine conceptus growth beyond the 16-cell stage, but did not 

increase blastocyst rate [163, 164]. By contrast, transforming growth factor alpha (TGFA) was 

able to raise the percentage of blastocyst in this study. 

The endometrial-derived factor granulocyte-macrophage colony stimulating factor (GM-

CSF) also is implicated as a regulator of the growth and development of the pre-implantation 

embryo. It is secreted into the oviduct and uterus during the period following conception and 

promotes blastocyst development in vitro in porcine [165] and bovine conceptuses [166-168]. 

Also, there is some exciting new evidence from work completed at the University of Florida that 

GM-CSF enhances embryo survival after transfer into recipient cows (Loureiro and Hansen, 

unpublished observations). Therefore, current findings suggest the use of GM-CSF as an 

embryotrophic factor during early conceptus development in vitro.  

Another endometrial-derived factor associated with conceptus development in some 

species is leukemia inhibitory factor (LIF) [169]. Transcripts and/or protein of maternal LIF were 

found in the uterus of mice [170, 171], human [172, 173], ewes [174]  and cows [175] around the 
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time of implantation and placental attachment. The benefits of LIF during later stages of 

embryogenesis and placental attachment/migration are well understood in mice [169, 176]. LIF 

primarily controls proliferation in the pre-implantation blastocyst [177], and enhances pre-

implantation embryo development including blastocyst, expanded blastocyst, and hatching 

blastocyst stages in mice [169]. In culture, LIF improves blastocyst development and conceptus 

growth in mice [178, 179].  LIF also is implicated in controlling early conceptus development in 

sheep and cows. In sheep, LIF increases the percentage of in vitro blastocyst hatching and 

increases pregnancy rates for in vitro cultured embryos transferred back into recipient ewes 

[180]. The presence of bovine LIF in the culture medium between d 5 and 10 improved hatching 

rate and increased trophectoderm cell numbers of bovine in vitro produced conceptus [181]. In 

cattle, embryonic stem-like cells have been cultured both with [182] and without [183] LIF 

added to the culture medium, suggesting that, like their human counterparts [184-186], 

differentiation of bovine embryonic stem-like cells is not suppressed by LIF [187-189]. More 

recently, the effects of LIF on in vitro produced bovine embryos and their outgrowth colonies 

were studied. Addition of LIF to the culture medium was not beneficial for bovine in vitro 

embryonic development based on several measures such as growth kinetics, morphology, cell 

count,  expression of OCT4, and expression of  laminin, a matrix protein that  plays an important 

role in hypoblast and epiblast formation [190]. Moreover, LIF had no apparent effect on the 

subsequent formation of putative embryonic stem-like cell outgrowth colonies from such 

embryos when added to the culture medium [190]. Therefore, it remains unclear whether LIF 

contains an activity that is essential for early bovine conceptus development. 

Hormones not normally associated with reproductive processes also may be important for 

early conceptus development. In rats, the calcium-sequestering hormone, calcitonin (CT), 
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represents one such factor [191]. Prior the onset of implantation, CT is up-regulated by 

progesterone in rat and mice uterine epithelial cells between d 3 and 4 of pregnancy [192-194]. 

Moreover, limiting CT production with RNA-interference restricts blastocyst implantation in rats 

[195]. In rodents, the temporal expression pattern of CT mRNA in the pregnant uterus coincides 

with the appearance of immunoreactive CT in the uterine glands [192]. Calcitonin appears to 

accelerate blastocyst differentiation by altering the developmental program of the embryo. 

Binding of CT to its receptor activates adenylate cyclase and induces intracellular Ca2+ signaling 

[196-199]. Therefore, CT may reset the developmental ‘clock’ through Ca2+ signaling and 

influence events that occur much later. Ca2+ signaling rapidly alters gene expression at the 

blastocyst stage [200]. The cell cycle is also influenced by Ca2+ signaling [201], and cell 

numbers are increased in pre-implantation conceptuses exposed to pharmacological agents that 

raise the levels of intracellular Ca2+ [202, 203]. To summarize, it is obvious that the mouse 

conceptus expresses CT and it may play a role during conceptus development. However, the 

exact function of CT in promoting embryo-uterine interactions is not clearly understood. 

Uterine Factors and IFNT Production 

The maternal system plays an active role in modulating IFNT production during early 

gestation, and several uterine-derived factors have been implicated in controlling trophectoderm 

proliferation and IFNT secretion in cattle and sheep. In vitro produced bovine blastocysts contain 

IFNT mRNA and protein at d 7 of development [117, 204], indicating that IFNT expression can 

be initiated during in vitro development. However, up-regulation in IFNT expression around the 

time of conceptus elongation cannot be replicated in culture either because uterine-derived 

factors that control this event are absent from these cultures or because conceptus gene 
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expression is globally affected by the lack of uterine-derived factors controlling normal 

conceptus development.  

Several uterine factors have been implicated as regulators of IFNT production in ewes 

and cows. Treatment with a combination of IGF1 and IGF2 in cultured ovine conceptuses 

increase IFNT production than their control counterparts and conceptuses treated with IGF1 or 

IGF2 separately [205]. It remains unclear whether the combinatorial actions of IGF1 and IGF2 

are directly affecting IFNT expression or if they are acting indirectly by encouraging 

trophectoderm proliferation and survival in culture.  Also, the beneficial effects of IGF1 at least 

are restricted to the ICM since IGF receptors are found exclusively in the ICM in cattle  [206]. 

Supplementation with GM-CSF induces bovine conceptus development [166-168]; however it is 

unclear whether GM-CSF and/or IL3 have the ability to stimulate both IFNT mRNA and protein 

synthesis in ruminants. GM-CSF increases the secretion of IFNT in ovine conceptuses [207] but 

not in bovine conceptuses [208]. This difference could be related to the concentration of GM-

CSF tested in those studies. 

Interestingly, the expression of GM-CSF may be regulated by IFNT. Current evidence 

suggests that trophectoderm-derived IFNT regulates uterine expression of GM-CSF in the bovine 

immune and reproductive systems [209, 210]. However, one can speculate that this effect would 

be indirect because it may be caused by the IFNT stimulation of PGE2 production in the 

endometrium. This event in turn stimulates GM-CSF expression in uterine lymphocytes and 

endometrium [211].  Nevertheless, other reports suggest that, in ruminants, the conceptus has the 

ability for local modulation of the production of cytokines and growth factors such as GM-CSF 

that, in turn, may sustain development and maintain pregnancy [209, 210].   
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In conclusion, a select few autocrine and paracrine factors originally studied for their 

ability to promote blastomere cell survival and differentiation may also be playing a vital role 

during conceptus development by mediating IFNT production. Recently, this laboratory 

discovered a new uterine-derived product that controls IFNT expression [212, 213]. This factor, 

termed fibroblast growth factor 2 (FGF2), is part of a larger family of fibroblast growth factors 

(FGFs) that have been well studied for their roles in conceptus, fetal and placental development 

in several species.   

Fibroblast Growth Factors 

Fibroblast growth factors (FGFs) are paracrine and autocrine peptide growth factors [214, 

215]. There are at least twenty-two FGFs in mammals, and these FGFs can be sub-divided into 

seven subfamilies based on phylogenetic analysis [216]. The protein products of this diverse 

gene family contain a variety of biological activities in many tissues and organs, such as cell 

migration, cell differentiation, cell survival, mitogenesis, and tumorigenesis [216-219]. In 

addition, FGFs are homeostatic factors in adults and function in various capacities, including 

tissue repair and wound healing, in tumor angiogenesis, and in the control of nervous system 

development (as neurotrophic factors) [220, 221].  

Discovery and Identification of FGFs 

In the late 1970’s, the first members of the FGF family were purified from the bovine 

pituitary [222, 223]. Fibroblast growth factor 1 (FGF1; also known as acidic FGF) and FGF2 

(also known as basic FGF) were isolated and characterized for their capacity to stimulate 3T3 

fibroblast proliferation [218, 224, 225]. The highly purified preparations of FGFs were submitted 

for amino acid sequencing, and thus it was possible to clone cDNAs of both FGF1 and FGF2 

[226-228]. Subsequently discovered FGFs were classified with a numeric designation based on 

the order they were identified [229]. Biological activities for many FGFs have been determined 
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using various techniques, including utilizing homologous recombination technology in mice. 

This technique provided initial evidence that selective FGFs are involved with embryonic, 

extraembryonic, and fetal development in mammals [220, 221]. Moreover, these studies showed 

that certain members of the FGF family have specialized biological roles that result in specific 

phenotypes (i.e., Angora mutant of FGF5 –/– mice), whereas other FGFs have no apparent 

phenotype following their loss of activity either because they are not required for specific 

activities or they can be compensated for by other FGFs [221, 230, 231].  

Fibroblast Growth Factor Receptors 

Fibroblast growth factors mediate their cellular function by binding and activating a 

group of tyrosine kinase receptors known as FGF receptors (FGFRs). At least five distinct genes 

encode FGFRs (designated as FGFR1 to FGFR5) [214, 216, 218, 232-234]. Functional FGFRs 

are transmembrane proteins composed of an extracellular ligand-binding domain and a 

cytoplasmic domain containing the catalytic protein tyrosine kinase core [226, 234, 235]. Each 

receptor type contains two to three immunoglobulin-like (Ig-like) extracellular domains and a 

single transmembrane spanning region [218]. Intracellular tyrosine kinase activation domains are 

present in four receptor types, FGFR1 to FGFR4 [218]. The most recently discovered receptor, 

FGFR5, differs from other FGFRs because it contains no apparent intracellular activation 

regions, and its function in the various organs where this receptor is found remains unknown 

(such as pancreas, liver, kidney, brain, and lung) [232, 236].  

Fibroblast growth factor receptors binding to ligands has an added complexity due to 

spliced variant modifications in ligand binding domains. Several types of alternative splicing 

events are observed in various FGFRs, but one of the most well studied splicing events occurs 

within the Ig-like regions and generates a distinct variety of receptor subtypes for FGFR1, 

FGFR2 and FGFR3 [218, 237]. FGFR4 does not undergo alternative splicing [238]. One critical 
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splicing event occurs within the third Ig-like domain (IgIII), where splicing one or two exons 

from the coding transcript generates two main receptor subtypes: IgIIIb and IgIIIc, respectively 

[218, 239, 240]. Non-spliced IgIII regions, such as IgIIIa, do not exist as functional receptors 

because in-frame stop codons generate soluble proteins [218, 239, 240]. These alternative 

splicing events specify FGF binding. Some FGFs bind to multiple receptor subtypes whereas 

other FGFs prefer specific receptor subtypes [216, 218]. For example, FGF1 binds all FGFR 

subtypes whereas FGF7 associates exclusively with a single receptor subtype (FGFR2b).  [216, 

218]. Table 2-1 summarizes the specificity of the FGFs ligands for specific FGFRs isoforms. 

Heparin and heparan sulfate glucosaminoglycans (HSGAGs) function as accessory 

molecules that regulate FGF-binding and activation of FGFRs [241-244]. More specifically, 

HSGAG induces FGFR dimerization, an essential step for subsequent receptor activation and 

stimulation of downstream intracellular signaling events [218, 226, 237, 245]. Heparin is 

required for FGF to activate the FGFR in cells that are deficient or unable to synthesize 

HSGAGs, or in cells pretreated with heparin/heparan sulfate (HS)-degrading enzymes or 

sulfation inhibitors  [242]. The addition of HS can increase the activity of specific FGFs 

depending on the structure of their sulfated domains and the abundance of HS in target cells 

[246]. 
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Table 2-1. Specificity of the FGFs ligands for specific FGFRs isoforms 

Data collected from [218, 220, 221, 226, 239, 240, 247]. ? Unknown; a Have yet to identify 
FGFR isoform (IIIb or IIIc). 

FGF (ligand) 
Interaction with receptors 

FGFR1 FGFR2 FGFR3 FGFR4 
FGF1 IIIb and IIIc IIIb and IIIc IIIb and IIIc FGFR4 
FGF2 IIIb and IIIc IIIc IIIc FGFR4 
FGF3 IIIb IIIb   
FGF4 IIIc IIIc IIIc FGFR4 
FGF5 IIIc IIIc  FGFR4 
FGF6 IIIc IIIc   
FGF7  IIIb  FGFR4 
FGF8 FGFR1a IIIc IIIc FGFR4 
FGF9  IIIc IIIb and IIIc FGFR4 
FGF10 IIIb IIIb   
FGF11to 14 ?    
FGF15 ?    
FGF16, 18 ?    
FGF17 IIIc IIIc  FGFR4 
FGF19, 21, 23 IIIc  IIIc FGFR4 
FGF20, 22, 24, 25 ?    
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Roles of FGFs during Early Conceptus Development 

The actions of FGFs are not restricted to the adult animal, where FGFs are homeostatic 

factors associated with tissue repair, wound healing, angiogenesis, and in controlling the nervous 

system development (as neurotrophic factors) [220, 221]. Rather, several FGFs also play a vital 

role during conceptus development, not only in regulating cell growth and differentiation, but 

also in controlling several developmental events in the conceptus, fetus, and placenta [214, 218]. 

To elucidate these events, the effects and expression patterns of individuals FGFs will be 

discussed in the subsequent sections. 

Fibroblast Growth Factor 2 

There is substantial evidence that FGF2 plays an important role in early conceptus and 

placental development.  Fibroblast growth factor 2 is produced by the uterus of several species. 

Transcripts for FGF2 were identified in pigs, rodents, rabbit, primate and human endometrium 

[248-255]. In these species, FGF2 mRNA is primarily localized in the luminal epithelial layer of 

the endometrium during diestrus and early pregnancy [248, 255, 256]. Moreover, FGF2 mRNA 

is localized within the luminal and glandular epithelium of cows and ewes and FGF2 protein is 

detected in the uterine lumen throughout the estrous cycle and early pregnancy in ewes and cows 

[212, 257]. The localization of FGF2 in the epithelial layer of the endometrium during early 

gestation in rodents, rabbit, primate and human implicates that FGF2 may play a role during 

trophoblast invasion and blastocyst implantation [248-254]. In cattle and sheep, the levels of 

endometrial FGF2 mRNA and protein are not different between pregnant and cyclic ewes and 

cows; however, the amount of FGF2 in the uterine lumen increases between d 12 and 13 post-

estrus in both pregnant and cyclic ewes [257]. The occurrence of this event coincides with the 

timing of IFNT production by the trophectoderm and the maternal recognition of pregnancy in 

this species [59, 60, 258].  
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Several reports propose that the uterine epithelium is not the major site of FGF2 

production in cattle; rather, the bovine conceptus also expresses FGF2 [257, 259, 260]. 

Transcripts for FGF2 are detected at the morula and blastocyst stages [259, 260], and 

unpublished observations from this laboratory indicate that FGF2 mRNA abundance increases at 

the timing of conceptus elongation (between d 14 and 17 of development). In conclusion, the fact 

that FGF2 is expressed by both the endometrium and the conceptus during early pregnancy 

implicates that this FGF may play a critical role during conceptus development and placentation.   

One of the best studied activities attributed to FGF2 during pregnancy is its role in 

mediating cell proliferation and differentiation [261, 262]. Supplementation with FGF2 to 

cultured rabbit blastocysts promotes gastrulation, stimulates embryonic development and the 

formation of all three germ layers [263]. Fibroblast growth factor 2 plays a critical role in 

placentation. Addition of FGF2 to mouse trophectoderm outgrowths enhances their proliferation 

in vitro [264]. Moreover, FGF2 supplementation significantly promotes the rate of mouse 

blastocyst attachment and spreading, and significantly increases the surface area of 

trophectoderm outgrowths [265]. In the presence of transforming growth factor beta 1 (TGFB1), 

addition of FGF2 increases the number of in vitro produced bovine embryos developing past the 

8-cell and 16-cell stages when compared to controls [266] 

Vascular endothelial growth factors (VEGF) and FGFs are implicated as two of the most 

important promoters of angiogenesis that have been identified thus far [267-270]. Fibroblast 

growth factor 1 and FGF2 are well-known for angiogenic effects in various organisms [271], and 

both FGF1 and FGF2 are potent inducers of endothelial cell migration, proliferation, and tube 

formation in vitro and are highly angiogenic in a number of tissues in vivo. It is thought that 

FGF1 and FGF2 may participate in angiogenesis in two primary ways: by modulating 
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endothelial cell activity [272] and by regulating VEGF expression in proliferative cells [273-

275]. Moreover, both factors are well-established mitogens and chemo-attractants for endothelial 

cells [276-278]. 

Some actions for distinct FGFs have been proposed for ruminants during conceptus 

development. Maybe the most exciting one is the ability of FGF2 to control trophectoderm 

development and IFNT production during peri-attachment conceptus development. A bovine 

trophectoderm cell line, termed CT-1 cells [279], significantly enhances trophectoderm 

proliferation, IFNT mRNA abundance and IFNT protein secretion in response to FGF2 

supplementation [212]. The mutual ability of FGF2 increasing trophectoderm proliferation and 

amplifying IFNT production implicates this FGF as a vital factor during the timing of maternal 

recognition of pregnancy in ruminants. Furthermore, blastocysts produce more IFNT in response 

to FGF2 supplementation than non-supplemented controls [212]. 

Fibroblast Growth Factor 1 

Fibroblast growth factor 1 appears to contain biological activities that facilitate the 

establishment and maintenance of pregnancy in some mammals. The uterine and conceptus 

expression patterns for FGF1 are not as well defined as for FGF2.  FGF1-like activity can be 

isolated from porcine uterus [280]. In pigs, FGF1 mRNA is localized to the stromal cells of the 

uterus, whereas FGF2 mRNA is detected in uterine luminal and glandular epithelium for 

pregnant, but not cycling, gilts [255]. The expression of FGF1 and FGF2 during early gestation 

suggests roles for both factors at the timing of the non-invasive embryo implantation of this 

species [255], though the localization of FGF1 and FGF2 in different tissue layers implies that 

different modes of action are utilized [255]. Fibroblast growth factor 1 is also produced by 

bovine conceptuses, where FGF1 mRNA is detected at the morula and blastocyst stages [259, 

260]. Also, at least two of the major receptor partners for FGF1 and FGF2, FGFR1c and 
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FGFR3c, and an additional receptor subtype FGFR2b, which is used by FGF1 but not FGF2, are 

present in ovine conceptuses [218, 257, 281, 282]. 

Fibroblast Growth Factors 7 and 10 

Fibroblast growth factor 7 and FGF10 are true mesenchymal factors that are important 

for establishing and maintaining stromal and epithelial integrity and function in various organs.  

[283, 284]. Fibroblast growth factor 10 was originally isolated from rat lung mesenchyme and 

identified as a mesenchymal-derived growth factor that is essential for patterning the early 

branching and morphogenic events in rodents, including embryonic lung and limb bud formation 

[285-290]. Fibroblast growth factor 7 is an established paracrine growth factor of mesenchymal 

origin unique to epithelial cell proliferation and differentiation [291], and also mediates the 

effects of progesterone in primate endometrium [292]. Both FGF7 and FGF10 are epithelial cell 

mitogens [283, 289]. The primary receptor partner for FGF7, FGFR2b, is also the high-affinity 

receptor for FGF10 [283]. Both FGF10 and FGF7 have the same binding affinity to FGFR2b 

[289].  

Transcripts for FGF10 are localized in the uterus in sheep. Ovine endometrial stromal 

cells express FGF10 mRNA, whereas its receptor FGFR2b is localized to epithelial cells in the 

uterus of ewes. The particular location of expression suggests that FGF10 is a paracrine mediator 

of uterine mesenchymal-epithelial interactions [281]. Transcripts for FGF10 and its receptor are 

also found in neonatal ovine uterus during endometrial gland development [141], and because 

FGF10 plays an active role in mediating stromal-epithelial borders in various organs it is likely it 

is plays an active role in  postnatal uterine gland morphogenesis. Interestingly, it appears that 

stromal-derived FGF10, but not FGF7, is regulated by progesterone. Studies inhibiting the 

effects of progesterone by using a progesterone-receptor inhibitor RU486 reported a decreased 

FGF10 mRNA in the endometrium of sheep; however, FGF7 mRNA was relatively unaffected 
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by RU486 treatment [293]. These results provide evidence that stromal-derived FGF10 is a 

genuine progestamedin in the endometrium of the ovine uterus. 

In the pig, FGF7 mRNA is expressed by the endometrial epithelium during a critical 

period of conceptus development, and FGF7 protein can be detected in the uterine lumen during 

early pregnancy [294]. In this species, which presents an epitheliochorial-type placenta, FGF7 

plays a role in epithelial-epithelial interactions between the uterus and the conceptus. Transcripts 

for FGF7 and its primary receptor partner FGFR2b are both found in the endometrial epithelium 

and the trophectoderm [294, 295]. The endometrial epithelium secretes FGF7 into the lumen, 

which promotes a rapidly stimulation of trophectoderm proliferation in this species [294]. In 

contrast, FGF7 expression is much different in other species. In the sheep, FGF7 mRNA is 

localized to the tunica muscularis of blood vessels in neonatal ovine and primate endometrium 

and myometrium [281, 296].  The restricted expression of FGF7 to the tunica muscularis does 

not exclude a potential role as a paracrine growth factor for glandular epithelia, given that FGF7 

is also expressed near deep in glandular epithelium [281].  

The post-attachment placenta is a rich source for FGF7 and 10 in sheep and cattle [257, 

281, 297]. FGF7 and FGF10 are both expressed by cells of mesenchymal origin [298], while 

their common receptor, FGFR2b, is found exclusively in epithelial cells, which implicates 

independent roles for both factors [281]. Their actions may be restricted to mediate the limited 

attachment of trophoblast cells [281], and to stimulate the proliferation of epithelial cells [218]. It 

is unlikely that FGF7 and FGF10 can traverse the uterine layers and achieve the lumen to be 

available for the bovine conceptus during early development. Moreover, the specific receptor 

FGFR2b appears to be responsible for FGF actions on bovine trophectoderm due to its ability of 

increasing IFNT mRNA levels in CT-1 cells (Ealy and Pennington, unpublished observations). 
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Fibroblast Growth Factor 4 

Current evidence implicates that FGF4 plays a critical role in mouse development, but it 

is still unclear if FGF4 is essential for bovine conceptus development. The FGF4 gene is 

expressed in the mouse conceptus at several stages: the morula, the blastocyst (where it is 

localized to the inner cell mass), and the embryonic ectoderm of the post-implantation egg 

cylinder [299, 300]. Currently, it is established that FGF4 derived from the inner cell mass at the 

blastocyst stage and later in the corresponding epiblast binds to and activates its specific receptor 

FGFR2c to act as a paracrine factor to prevent neighboring trophectoderm (mural trophoblast) 

from differentiating whereas trophectoderm not in close proximity to the epiblast (polar 

trophoblast) undergo terminal differentiation into other placental cell types [301-304]. Functional 

loss of FGF4, or its receptor FGFR2c, is lethal early in embryogenesis [301, 305]. 

Trophectoderm formation is complete, but placenta fails to develop properly. 

It remains uncertain if FGF4 serves an essential function during early conceptus 

development in ruminant species. Supplementation of FGF4 is necessary to maintain a 

proliferating population of mouse trophectoderm cells in culture [301, 306], but FGF4 

supplementation is not required for bovine trophectoderm development. Cultured bovine 

trophectoderm proliferate for extended periods without exposure to FGF4 or other epiblast- and 

uterine-derived factors [279, 307-309]. However, IFNT production from trophectoderm 

outgrowths fail to reach levels observed in normally developing bovine conceptuses, perhaps 

because they lack critical epiblast- and/or uterine-derived factors that normally influence IFNT 

production. They continue to proliferate without differentiating for extensive periods in culture 

[279, 307-309]. 
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Synopsis 

Conceptus development in cattle includes a series of cell proliferation and differentiation 

that ultimately result, between d 7 and 9 post-fertilization, in a blastocyst. The blastocyst is 

composed of inner cell mass (embryonic cells) and trophectoderm (extraembryonic cells). As 

conceptus development progresses and trophectoderm cells proliferate, the blastocyst hatches 

from the zona pellucida, between d 7 and 10 post-fertilization, and becomes a filamentous 

structure between d 14 and 16 of development. Throughout this period, the trophectoderm 

secretes IFNT, which is the signal for pregnancy maintenance in cattle and other ruminants. In 

these species, IFNT extends corpus luteum lifespan by preventing oxytocin-mediated release of 

endometrial PGF2α during late diestrus, and thus sustains the production of progesterone by 

luteal cells. In this scenario, a pregnant-receptive state in the uterus is maintained by the corpus 

luteum, until placental sources of progesterone eventually take over as the primary progesterone 

source. If the conceptus fails to initiate this event, or the maternal environment does not respond 

to this signal, the mother returns to estrus and the pregnancy is lost. 

Several uterine derived factors are required during conceptus development, and are 

presumably essential for the production of IFNT in cattle and sheep. This hypothesis is supported 

by results from studies using a uterine gland knockout (UGKO) ewe. In such animals, early 

pregnancy loss is observed and the blastocyst fails to elongate. Some endometrial-derived factor 

implicated as embryotrophic include IGF1 and IGF2, GM-CSF, LIF and calcitonin. Recently, 

this laboratory discovered a new uterine-derived product that controls IFNT expression. This 

factor, termed FGF2, is part of a larger family of FGFs that have been well studied for their roles 

in conceptus, fetal and placental development in many species, including bovine. The 

endometrial and conceptus localization of FGF1 and FGF2, and the distribution pattern of FGF1 

and FGF2 proteins in the lumen indicate that these FGFs may play a general role in the bovine 
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placenta. These include maintenance of placental structure and function, angiogenesis, and 

mitogenic activity for both fetal and maternal components. As mentioned, an exciting attribute of 

FGF2 is its ability to regulate IFNT production in bovine trophectoderm [212]. Other FGFs are 

also associated with conceptus development in some mammals. Stromal-derived FGF7 and 

FGF10 functions may be associated specifically with the proliferation of epithelial cells [218] 

and mediation of the limited invasion of trophoblast giant cells [281] in sows and ewes, given 

that FGF7 and FGF10 are unlikely able to traverse the endometrial layers and reach the lumen. 

In addition, FGF4 plays a critical role in mouse embryonic development [301-304], but it 

remains unclear if this FGF is essential during early conceptus development in bovine.  
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CHAPTER 3 
SEVERAL FIBROBLAST GROWTH FACTORS ARE EXPRESSED DURING PRE-

ATTACHMENT BOVINE CONCEPTUS DEVELOPMENT AND REGULATE 
INTERFERON-TAU EXPRESSION FROM TROPHECTODERM 

Introduction 

In cattle, sheep and presumably other ruminants, the trophectoderm-derived factor, 

interferon-tau (IFNT), is responsible for sustaining a pregnant state by restricting the pulsatile 

release of prostaglandin F2α from the endometrial epithelium and thereby preventing regression 

of corpus luteum and return to estrus [59, 60]. Interferon-tau also controls the expression of 

several uterine-derived factors that prepare the uterus for placental attachment, modifies the 

uterine immune system, and regulates early conceptus development [71, 97, 100, 105, 310-312].  

It is not surprising, therefore, that insufficient production of IFNT or failure of the maternal 

system to recognize this signal leads to pregnancy failures in cattle [1, 313-315].  

Bovine embryo production of IFNT begins at the late morula and early blastocyst stage as 

the trophoblast cell lineage first develops (d 6-7 of pregnancy) [117, 316].   In cattle, IFNT 

mRNA levels peak around d 14-16 of pregnancy and remain elevated until implantation occurs 

around d 19-21 of pregnancy [317-319].  A few selective uterine- and conceptus-derived factors 

are known regulators of IFNT expression [320, 321].  One of these is fibroblast growth factor 2 

(FGF2). Transcripts for FGF2 are expressed by the luminal and glandular epithelium and 

detected in the uterine lumen of cows and ewes throughout the estrous cycle and early pregnancy 

[212, 257].  Studies using a bovine trophectoderm cell line (CT-1) and in vitro-produced bovine 

blastocysts reveal that supplementation with FGF2 increases IFNT mRNA and protein levels 

[212, 213]. 

Fibroblast growth factor 2, also known as basic FGF, was the first identified member of 

what is now a large family of FGFs.  At least twenty-two genes encode multiple FGFs in the 
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human and mouse, and their protein products contain a variety of biological activities in tissues 

and organs [216-218].  These FGFs interact with a group of tyrosine kinase receptors known as 

FGF receptors, or FGFRs. Four genes encode these receptors (FGFR1-FGFR4), and alternative 

splicing in extracellular regions generate a variety of receptor isotypes [214, 218, 232, 236].  One 

of these splicing events occurs within the third immunoglobulin (Ig)-like domains of FGFR1-

FGFR3, where splicing one or two exons from the coding transcript generates receptors subtypes 

termed IgIIIb and IgIIIc respectively.  These spliced variants recognize different ligands [218, 

239, 240].  For example, the IgIIIb form of FGFR2 (R2b) interacts primarily with FGF1, 3, 7, 10 

and 22, whereas the IgIIIc form (FGFR2c) interacts with FGF1, 2, 4, 6 and 9 [216, 218].  

Several FGFs and FGFRs are associated with early conceptus development in mammals.  

Fibroblast growth factor 2 increases trophectoderm outgrowth size in mice and stimulates 

gastrulation in rabbit conceptuses [263, 265, 322].  In the pig, uterine-derived FGF7 acting 

through its receptor, FGFR2b, stimulates trophectoderm proliferation [294].  In mice, FGF4-

induced activation of its receptor partner, FGFR2c, is critical for maintaining a trophoblast stem 

cell lineage that supports normal placental development [301, 305].  FGF4 supplementation is 

required to prevent mouse trophoblast cell differentiation during culture [323, 324].  However, 

this type of supplementation is not needed to maintain bovine trophectoderm in culture.  They 

continue to proliferate without differentiating for extensive periods in culture [279, 307-309].   

Bovine and ovine conceptuses produce multiple FGFs.  Transcripts for FGF2 and several 

FGFR spliced variants are detected in elongated ovine conceptuses [257].  Also, transcripts for 

FGF1, 2, 7 and 10 and several FGFRs exist in post-attachment stage placentae in sheep and 

cattle [281, 297].   These FGFs likely facilitate placental development in a variety of ways 

throughout gestation.  This laboratory is specifically interested in uncovering actions of these 
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FGFs as bovine conceptuses develop and begin to attach to the uterine lining early in pregnancy.  

The overall objectives of this work were to identify the various FGFs and FGFRs expressed in 

elongating, pre-attachment bovine conceptuses and determine if these FGFs have the ability to 

regulate conceptus development and/or mediate IFNT production during pre-attachment 

development. 

Results 

Expression of FGFR Subtype in Bovine Conceptuses  

End-point RT-PCR was used to detect the FGFR isotypes expressed during early 

conceptus development in cattle.  FGFR1, FGFR2, FGFR3, and FGFR4 mRNA were detected in 

bovine conceptuses collected at d 17 post-insemination (Fig. 3-1 and 3-2) and in vitro produced 

blastocysts (Fig. 3-2). Each FGFR also was detected in CT-1 cells (Fig. 3-1), a bovine 

trophectoderm cell line derived from a bovine blastocyst that produces IFNT [212, 279]. 

Amplified products of the correct size were detected in all samples with the exception of one d 

17 conceptus sample that consistently lacked an FGFR1 amplicon (see Fig. 3-1). 

 Primers used to amplify each FGFR spanned the sequence encoding their third Ig-like 

domains, and the specific splice variant forms of FGFR1, FGFR2 and FGFR3 expressed by 

conceptuses and CT-1 cells were determined by sequencing amplified products [257].  All of the 

FGFR1 cDNAs derived from blastocysts and d 17 conceptuses (n=8 clones sequenced) had the 

same sequence and comparative sequence analysis indicated that this sequence encoded FGFR1c 

[239, 257] (GeneID: 281768; GenBank #NP_001103677).  All blastocyst- and conceptus-derived 

FGFR2 cDNAs (n=10 clones sequenced) were identical and their translated product represented 

FGFR2b, which also is known as keratinocyte growth factor (KGF)/FGF7 receptor [239, 257] 

(GeneID: 404193; GenBank #XP_001789758).  For FGFR3, translated products for all cDNAs 

(n=10 clones sequenced) matched the inferred amino acid sequence of FGFR3c (GeneID: 

45 
 



 

281769; GenBank #AAK54132) [257].  FGFR4 amplicons of the correct anticipated size (n=4 

cDNAs sequenced) were identical to FGFR4 (GeneID: 317696).  The less abundant amplicons 

seen in some of the FGFR4 reactions were not sequenced (see Fig. 3-1 and 3-2).  DNA 

sequencing also confirmed that CT-1 cells express FGFR1c, FGFR2b, FGFR3c, and FGFR4. 

Expression and Abundance of FGF1, 2, 7 and 10 in Bovine Conceptuses 

End-point RT-PCR also was used to determine if FGF1, 2, 7 and 10 are expressed in d 17 

bovine conceptuses (Fig. 3-3).  Transcripts for FGF1, 2 and 10 were detected in all three d 17 

bovine conceptus RNA samples examined. Transcripts for FGF1 and FGF2, but not FGF10, 

also were detected in CT-1 cell RNA.  FGF7 was not amplified in d 17 conceptus and CT-1 

samples, but was detected in control samples (endometrium and lung). Bovine endometrium was 

included as a positive control based on previous work describing endometrial FGF1, 2, 7 and 10 

expression in cyclic and pregnant cows and ewes [212, 257, 281, 297].  DNA sequencing 

verified that each PCR product represented the FGFs of interest (data not shown).  Smaller, less 

intense PCR products were observed in some of the FGF1 reactions (see Fig. 3-3).  These 

products were not sequenced, and this secondary product was not detected when new primers 

were designed and used for qRT-PCR (see below).      

The relative abundance of FGF1, 2 and 10 mRNA populations throughout pre- and peri-

attachment conceptus development was determined with qRT-PCR.  The internal RNA loading 

control, 18S RNA, could not be used to normalize FGF mRNA in this study since its 

concentrations varied depending on stage of conceptus development (Table 3-1).  More 

specifically, concentrations of 18S RNA in tcRNA increased (P<0.05) as conceptuses progressed 

from blastocysts to elongated, filamentous conceptuses.  Due to this outcome, the amount of 

tcRNA in each reaction was used to adjust FGF values across these developmental stages (Table 

3-1).  FGF1 mRNA was not detected in in vitro produced blastocysts.  Its relative abundance 
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remained low in conceptuses collected on d 11 and 14 of pregnancy and increased (P<0.05) in d 

17 conceptuses.  FGF2 mRNA was detected at all stages of conceptus development, and 

concentrations were greater (P<0.05) in d 14 and 17 conceptuses than in d 8 in vitro produced 

blastocysts.  Day 11 conceptuses contained intermediate amounts of FGF2 mRNA.  FGF10 

mRNA was not detected in in vitro produced blastocysts and low levels were detected in d 11 

conceptuses.  The relative abundance of FGF10 mRNA was substantially greater (P<0.05) in d 

14 and 17 conceptuses.  As anticipated, concentrations of IFNT mRNA were low in in vitro 

produced blastocysts and d 11 conceptuses and then increased (P<0.05) in d 14 conceptuses and 

then again in d 17 conceptuses (P<0.05).   

A separate analysis was used to describe the relative abundance of FGF1, FGF2 and 

FGF10 mRNA within each stage of bovine conceptus development (Fig. 3-4).  Relative 

abundance of 18S RNA was used to normalize FGF values within each stage of pregnancy 

examined.  FGF2 was the only transcript identified in in vitro produced blastocysts.  It also was 

the most abundant FGF transcript in d 11 conceptuses.  In d 14 conceptuses, FGF2 and FGF10 

mRNA were present at similar levels. By comparison, FGF1 mRNA abundance was low 

(P<0.05) in d 11 and 14 conceptuses.  FGF10 was the most prevalent transcript in d 17 

conceptuses, where it represented ~85% of the FGF transcripts among the three specific FGFs 

examined in these conceptuses.   

Biological Activity of FGF1, 2 and 10 on Bovine Trophectoderm and in vitro produced 

Blastocysts 

 The ability of these conceptus-derived FGFs to stimulate IFNT production was examined 

in in vitro produced bovine conceptuses. A study was completed to determine if FGF1, 2 and 10 

supplementation influences development and IFNT expression in bovine blastocysts (Fig. 3-5).  
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Individual in vitro produced blastocysts were placed in medium drops containing 50 ng/ml of 

rbFGF1 or rbFGF2, 50 or 500 ng/ml of rhFGF10, or no FGF treatment (control) and IFNT 

mRNA abundance (Fig 3-5A) and blastomere numbers (Fig. 3-5B) were determined after 24 and 

48 h, respectively.  Incubation with medium containing 50 ng/ml rbFGF1 or -2 increased 

(P<0.05) IFNT mRNA abundance compared to the control.  Blastocysts required 500 ng/ml 

rhFGF10 to observe this effect.  Blastomere numbers, as determined by quantifying numbers of 

stained nuclei in blastocysts after 48 h exposure to FGF treatment, were not affected by any of 

the FGF proteins at any of the doses examined. 
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Figure 3-1. Expression of FGFR subtypes in d 17 bovine conceptuses and CT-1 cells. RT-PCR 

was completed on tcRNA samples derived from three pools of d 17 bovine 
conceptuses (n=3-5 conceptuses/pool) and one CT-1 sample using primers specific 
for the third Ig-like extracellular domain of bovine FGFR1, FGFR2, FGFR3, and 
FGFR4 (Table 3-2).  Products were electrophoresed and visualized with ethidium 
bromide and UV light.  TcRNA derived from bovine lung was included as a positive 
tissue control.  Primers for β-actin (ACTB) were used as a positive RT-PCR control.  
TcRNA not exposed to reverse transcriptase (-RT samples) was included to verify 
that amplified products did not result from genomic contamination. Amplified 
products were sequenced to verify that they represent specific FGFRs. 
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Figure 3-2. Expression of FGFR subtypes in bovine in vitro produced blastocysts. RT-PCR was 
completed on tcRNA samples derived from three pools of in vitro produced 
blastocysts (n=10-18 blastocysts/pool) using primers specific for the third Ig-like 
extracellular domain of bovine FGFR1, FGFR2, FGFR3, and FGFR4 (Table 3-2).  
Products were electrophoresed and visualized with ethidium bromide and UV light.  
TcRNA derived from a pooled d 17 bovine conceptus preparation was included as a 
positive tissue control.  Primers for ACTB were used as a positive RT-PCR control.  
TcRNA not exposed to reverse transcriptase (-RT samples) was included to verify 
that amplified products did not result from genomic contamination.   
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Figure 3-3. Expression of FGF1, 2, 7 and 10 mRNA in d 17 bovine conceptuses. RT-PCR was 
completed on tcRNA from three pools of d 17 bovine conceptuses (n=3-5 
conceptuses/pool) and one CT-1 sample with primers specific for bovine FGF1, 
FGF2, FGF7 and FGF10 (Table 3-2).  Products were electrophoresed and visualized 
with ethidium bromide and UV light.  TcRNA from bovine endometrium and lung 
were included as positive controls.  Primers for ACTB were used as a positive RT-
PCR control.  TcRNA not exposed to reverse transcriptase (-RT samples) was 
included to verify that amplified products did not result from genomic contamination. 
Amplified products were sequenced to verify specificity of amplification 
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Figure 3-4. Expression profiles of FGF1, FGF2 and FGF10 during bovine conceptus 
development.  TcRNA was extracted from bovine conceptuses collected on d 11, 14 
and 17 post-insemination (n=5 pools/stage of development; 2-5 conceptuses/pool).  
TaqMan qRT-PCR was completed using primers/probes specific for boFGF1, FGF2 
and FGF10 (Table 3-4).  Abundance of 18S mRNA was used as an internal control to 
normalize FGF values within each stage of development.  ∆CT values were used to 
analyze the data within each stage of development and data are presented as mean 
fold-differences ± SEM from the lowest expression value within each stage.  
Different superscripts represent treatment differences within each stage of 
development (P<0.05).  
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Table 3-1. Relative concentrations of FGF and IFNT mRNA in bovine conceptus at different 
stages of development 

Conceptus 
Stage FGF1 FGF2 FGF10 IFNT 18S 

Blastocyst - 0.037 ± 0.024a - 0.008 ± 0.009a 0.04 ± 0.02a 
d11 0.008 ± 0.004a 0.074 ± 0.024ab 0.122 ± 0.054a 0.010 ± 0.005a 0.33 ± 0.15b 
d14 0.003 ± 0.001a 0.158 ± 0.055b 1.02 ± 0.37ab 0.93 ± 0.36b 3.73 ± 1.32c 
d17  0.94 ± 0.34b 0.096 ± 0.023b 2.61 ± 0.87b 3.93 ± 1.26c 5.09 ± 1.81c 
Different superscripts represent differences in relative abundance of mRNA species within each 
column (P<0.05).  
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Figure 3-5. Effect of FGF1, FGF2, or FGF10 supplementation on IFNT mRNA concentrations 
and blastomere numbers in cultured bovine blastocysts. Individual in vitro produced 
blastocysts were placed in 30 µl drops of medium containing rbFGF1 (50 ng/ml), 
rbFGF2 (50 ng/ml), rhFGF10 (50 or 500 ng/ml), or vehicle only (50 µg/ml BSA) and 
incubated at 38.5ºC for 24 or 48 h.  Panel A: After 24 h, tcRNA was extracted and 
qRT-PCR was performed to determine the relative abundance of IFNT mRNA (n=14-
22 blastocysts/treatment spread over 4 replicate experiments). Abundance of 18S 
mRNA was used as an internal control to normalize IFNT mRNA values. ∆CT values 
were used to analyze the data and mean fold-differences ± SEM from the lowest 
expression value are presented.  Panel B: After 48 h, number of nuclei per blastocyst 
was determined after Hoechst 33342 staining and epifluorescence microscopy (n=22-
25 blastocysts/treatment spread over 4 replicate experiments). Different superscripts 
represent treatment differences within panels (P<0.05).  
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Discussion 

This laboratory previously described a role for FGF2 in stimulating IFNT production in 

bovine conceptuses [212, 213].  Initially, the uterine epithelium was proposed as the primary site 

of FGF2 production in cattle [212], but work contained herein and other findings [257, 259, 260] 

establish that bovine conceptuses also produce FGF2.  Transcripts for FGF2 are detected at the 

morula/blastocyst stage in this and other studies [259, 260], and transcript abundance increases 

in conceptuses undergoing elongation (d 14 and 17).  Also, at least two of the primary receptor 

partners for FGF2, FGFR1c and FGFR3c, preside in ovine conceptuses [218, 257, 282].  An 

additional receptor subtype, FGFR2b, also is produced by ovine conceptuses [257, 281].  

Fibroblast growth factor 2 interacts with FGFR2b with a lower affinity than FGFR1c and 

FGFR3c [218, 282], thereby suggesting that additional FGFs may impact conceptus development 

by acting through FGFR2b.   

Bovine conceptuses contain the same FGFRs as elongating ovine conceptuses [257].  In 

addition, this work identified the expression of FGFR4 in bovine in vitro produced blastocysts 

and elongated conceptuses.  Amplifying the IgIII region for each FGFR permitted the 

identification of specific FGFR splice variants (FGFR1c, FGFR2b, and FGFR3c).  It remains 

possible that additional variant forms for FGFR1, FGFR2 and FGFR3 exist in bovine 

conceptuses and perhaps these subtypes could have been identified if additional cloned products 

were sequenced or if receptor subtype-specific primer sets were employed.  That being said, 

verifying the presence of FGFR2b throughout early bovine conceptus development provided the 

impetus for focusing on ligands that interact with this receptor subtype.  Investigating this 

receptor isoform was of particular interest because the FGFR2b and FGFR2c subtypes are 

implicated in regulating trophectoderm development in other species [294, 301, 305].   
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The primary ligands for FGFR2b are FGF1, 3, 7, 10 and 22 [218, 282].  In this work, 

transcripts for FGF1 and FGF10 were detected whereas FGF7 transcripts were absent in bovine 

conceptuses.  Tissue-specific expression of FGF3 and FGF22 is highly restrictive in other 

species (e.g., cerebellum, retina and inner ear for FGF3; cerebellum and skin for FGF22) [325-

327].  Therefore, these FGFs were not examined in this work.  Transcript levels of FGF1 were 

low throughout bovine conceptus development whereas FGF10 mRNA concentrations were low 

or nonexistence on or before d 11, but were readily apparent in d 14 and 17 conceptuses.  The 

relative amount of FGF10 mRNA rivaled that of FGF2 in d 14 conceptuses and represented the 

predominant FGF transcript in d 17 conceptuses.  Chen et al [281] identified that the 

extraembryonic mesoderm is the primary site of FGF10 expression in ovine conceptuses.  The 

extraembryonic mesoderm emerges from the epiblast (i.e. the gastrulating inner cell mass) 

around d 14 and16 of pregnancy in cattle and soon thereafter extends between the trophectoderm 

and endoderm to establish the inner chorionic layer and the outer yolk sac layer [5, 20, 22, 317, 

328].  Although localization studies were not completed herein to verify the sources of FGF10 

expression during conceptus elongation, our assessment of FGF10 mRNA abundance is 

supportive of the concept that the profound rise in FGF10 expression in d 14 and 17 conceptuses 

stems from the formation and expansion of extraembryonic mesoderm.   

It is interesting that the ontogeny of conceptus-derived FGF10 expression resembled that 

of IFNT.  Relative abundances for both transcripts were low in d 11 conceptuses and increased 

profoundly at d 14 and 17 of pregnancy.  Since mesoderm formation occurs around the same 

time as conceptus elongation and maximal IFNT expression [317-319], it is possible that a 

product of this tissue, such as FGF10, could be required for maximal IFNT expression, as well as 

other aspects of early conceptus development and elongation.  Timely epiblast development 
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certainly is linked to conceptus elongation and survival.  Bovine embryos derived from in vitro 

fertilization and nuclear transfer (NT) usually have lower survival rates than their in vivo-

generated counterparts after transfer, and fewer in vitro produced and NT embryos contain 

epiblasts at d 14 of pregnancy [25, 329].  Also, fewer pregnancies resulted from transfer of d 14 

bovine conceptuses containing either non-intact or undetectable epiblasts as compared with 

transfer of conceptuses containing intact epiblasts [330].  Further work is needed to determine if 

paracrine-acting factors produced by the epiblast, and more specifically by the newly formed 

mesoderm, promote trophectoderm proliferation and gene expression.       

Tissue localization studies were not completed in this work, but the trophectoderm likely 

is one site of FGF1 and FGF2 production in elongating conceptuses.  FGF1 and FGF2 mRNA 

are detected in CT-1 cells and localized to the trophectoderm of mid-gestation bovine placentae 

[297].  Likewise, each of the four FGFR subtypes identified in bovine blastocysts and elongating 

conceptuses probably are expressed in trophectoderm since they were detected in CT-1 cells. 

This certainly is the case for the FGFR2b subtype.  Its transcripts localize to ovine and bovine 

trophectoderm during peri- and post-attachment development [281, 297].  In ewes, FGFR2b also 

is expressed by the uterine epithelium where it appears to play a central role in regulating uterine 

activity during pregnancy by interacting with stromal-derived FGF10 [281].  It is possible, but 

unlikely, that this uterine source for FGF10 is released into the uterine lumen.  Most FGFs, 

including FGF10, contain high affinities for heparan sulfate proteoglycans and remain 

sequestered within the extracellular matrix of tissues rather than being released into the blood or 

luminal cavities [218, 282].  Very little to no FGF10 is produced by luminal and glandular 

epithelium.  Cell lines developed from ovine endometrial epithelium contain FGF10 mRNA 

[331], but in situ studies did not detect FGF10 transcripts in luminal or glandular epithelium 
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during diestrus and early pregnancy [281].  By contrast, FGF2 is produced by the endometrial 

epithelium and can be found in the uterine lumen during early pregnancy [212, 257].  It remains 

unknown if uterine-derived FGF1 is released into the uterine lumen.  FGF1 is produced by 

bovine luminal epithelium during mid-gestation [297] and, therefore, may have a similar uterine 

expression pattern as FGF2 prior to placental attachment.      

All of the recombinant FGF preparations were able to stimulate IFNT mRNA in in vitro 

produced blastocysts. Fibroblast growth factor 1 and FGF2 proteins were similar in their ability 

to stimulate IFNT mRNA, whereas as much as 10-fold more FGF10 was required in some cases 

to elicit biological responses on blastocysts.  It is unclear why FGF10 contained slightly lower 

biological activity than other FGFs.  Perhaps using a human recombinant FGF10 protein that 

contains a good, but not great sequence identity to its bovine homolog caused this effect (91.6% 

identical amino acid sequence identity to bovine FGF10).  Alternatively, issues with 

freeze/thawing the recombinant preparation, post-thawing handling, and/or protein degradation 

rate during culture could have contributed to this outcome.  Regardless of the reason, rhFGF10 

did contain biological activity on in vitro produced blastocysts.  Therefore, its bovine homolog 

probably also is capable of stimulating IFNT expression by the bovine trophectoderm.   

None of the FGF proteins examined affected trophectoderm and blastomere cell numbers.  

Previous work consistently observed little to no mitogenic effect of boFGF2 [212, 213].  One 

interpretation of these findings is that the FGFs under investigation likely are not serving an 

active role in regulating cell proliferation rate early in conceptus development.  However, the 

ability of selective FGFs to influence early bovine embryo development (i.e. blastocyst 

formation, blastocyst quality, and ratio of trophoblast/inner cell mass cells) have yet to be fully 

explored.      
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It still remains unclear whether one or multiple FGFR subtypes dictate FGF responses in 

bovine trophectoderm. Fibroblast growth factor 1 associates equally well with each of the FGFR 

variants expressed in bovine conceptuses, and FGF2 has a high affinity for FGFR1c and FGFR3c 

and a moderate affinity for FGFR2b [216, 218, 282].  Fibroblast growth factor 10 is more 

selective in its receptor partner binding interactions and generally acts through either FGFR2b or 

FGFR1b [218, 289].  The latter receptor subtype was not detected in conceptus and CT-1 

screens.  Recombinant FGF7 was included in one CT-1 study to determine if its interaction with 

FGFR2b was sufficient to induce an IFNT mRNA response (Pennington and Ealy, unpublished 

observations). FGF7 is not expressed in pre- and peri-attachment bovine conceptuses and 

endometrial sources of FGF7 are localized too deep within the stromal region to permit FGF7 

from being secreted into the uterine lumen [281].  However, FGF7 acts exclusively through 

FGFR2b [218, 289], and its ability to increase IFNT mRNA levels in CT-1 cells implicates 

FGFR2b as one of the receptor subtypes responsible for FGF actions on trophectoderm 

(Pennington and Ealy, unpublished observations).  This observation does not exclude the 

possibility that other FGFRs also may participate in directing the biological activities of other 

FGFs on bovine trophectoderm, but the relative importance of other FGFRs in regulating IFNT 

expression and other critical actions during conceptus development remains to be fully explored.   

In conclusion, current findings provide new insight for how conceptus-derived factors 

may control IFNT expression during early pregnancy in cattle.  Multiple FGFRs are expressed by 

elongating bovine conceptuses, and at least one of these receptor subtypes, FGFR2b, is involved 

with mediating FGF induced increases in IFNT mRNA and protein production in bovine 

trophectoderm.  Also, several FGFs are expressed by bovine conceptuses.  Of particular note is 

FGF10, a ligand for FGFR2b whose expression increases in d 14 and 17 conceptuses coincident 
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with peak IFNT expression. This and potentially other conceptus-derived FGFs, as well as 

uterine-derived FGFs likely are acting in concert to impact IFNT production from bovine 

trophectoderm.  This could well be an essential component for the establishment and 

maintenance of pregnancy in cattle and sheep.   

Materials and Methods 

Animal Use and Tissue Collection 

 All animal experimentation was completed in accordance with Institutional Animal Care 

and Use Guidelines and with the approval of the Institutional Animal Care and Use Committee at 

the University of Florida.  Healthy, non-lactating Holstein cows (n=21) were housed at the 

University of Florida Dairy Unit (Hague, FL) and fed a maintenance diet.  Conceptuses were 

harvested on d 11, 14 and 17 post-insemination after superovulation.  In brief, growth of a new 

wave of follicles was induced by ablating large follicles (>10 mm diameter) on ovaries with an 

ultrasound-guided follicle aspiration device [332].  A controlled drug intravaginal device 

containing progesterone (1.38 g; Eazi-BreedTM CIDR®; Pfizer Corp.) was inserted after follicle 

ablation.  Cows were  provided a 4 day regiment of FSH treatment (Folltropin-V; AgTech; 400 

mg total) beginning 2 days after follicle ablation, CIDRs were removed on the third day of FSH 

treatment and cows were injected with LutalyseTM (25 mg each time; Pfizer Corp.) twice on the 

third day of FSH treatment [333].  Superovulated cows were inseminated with Holstein semen 

(Genex Cooperative Inc.) at 12 and 24 h after first detection of standing estrus.   

Conceptuses at d 11 and 14 post-insemination were collected non-surgically after 

providing an epidural injection of 2% (wt/vol) lidocaine (Sparhawk Laboratories, Inc.) by 

inserting a latex Foley catheter (Agtech Inc., Manhattan, KS) through the cervix and flushing 

each horn with 250–500ml flush solution (Dulbecco’s phosphate-buffered saline [DPBS; 

Invitrogen Corp.] with 0.04% bovine serum albumin [BSA]).  Conceptuses at d 17 post-

60 
 



 

insemination were collected during slaughter at the University of Florida Meats Laboratory by 

excising reproductive tracts, injecting flush solution into the anterior tip of one uterine horn and 

collecting fluid and conceptuses from an excised anterior portion of the other uterine horn.  Flush 

solutions were examined macroscopically and microscopically, if needed (d 11) to collect 

conceptuses.  All d 11 conceptuses were ovoid in shape and most could be detected in the petri 

dish with the naked eye.  Approximately half of the d 14 conceptuses collected were ovoid, but 

readily visible in the petri dish with the naked eye.  The remaining d 14 conceptuses were in the 

initial stages of elongation and ranged from 0.5 to 3 cm in length.  All of the d 17 conceptuses 

were elongated and filamentous, ranging from 5 to 45 cm in length.  Conceptuses were pooled 

together in small groups (n=3-5/pool) and snap-frozen in liquid nitrogen and stored at -80ºC.  

Each pool of the d 14 samples contained a mixture of ovoid and elongating conceptuses.  

Additional tissues, including endometrium, lung, and brain (hippocampus and cerebrum), were 

collected from cows during slaughter, snap-frozen in liquid nitrogen and stored at -80ºC until use 

as positive control samples.   

Total cellular (tc) RNA was extracted from d 11 and d 14 conceptus pools using the 

RNeasy Micro kit (Qiagen Inc).  The RNAqueous®-Midi RNA Isolation Kit (Applied 

Biosystems/Ambion) was used to extract tcRNA from d17 conceptuses.  The PureLink Micro-to-

Midi Total RNA Purification System with Trizol (Invitrogen Corp.) was used to extract tcRNA 

from other tissues.  Concentration and quality of isolated tcRNA was assessed by using a 

NanoDrop™8000 spectrophotometer (Thermo Scientific).   

Bovine in Vitro Embryo Production 

 In vitro maturation, fertilization and culture procedures were used to generate bovine 

blastocysts [334-336]. Briefly, oocytes from slaughterhouse ovaries were matured and fertilized 

in vitro with Holstein semen (Genex Cooperative, Inc).  After fertilization, presumptive zygotes 
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were placed in groups of 25-30 and incubated in 5% CO2/5%O2/90%N2 at 38.5ºC in 50µl drops 

of either Synthetic Oviduct Fluid (SOF; Chemicon International/Millipore, Billerica, MA) or 

modified Potassium simplex optimized medium (mKSOM; Caisson Laboratories) [335], 

depending on the study.  Both media were supplemented with 0.3% [w/v] essentially fatty acid 

free BSA (Sigma Chemical Co.).  In one study, expanded and hatched blastocysts formed on d 8 

post-fertilization after culture in mKSOM were placed in groups (n=10-18), snap-frozen in liquid 

nitrogen and stored at -80ºC.  TcRNA was extracted using the RNeasy Micro kit (Qiagen Inc.) 

and quantified by using a NanoDrop™8000 spectrophotometer (Thermo Scientific).        

In a second set of studies, blastocysts identified on d 8 post-fertilization were collected 

and washed in DPBS containing 1 mg/ml polyvinyl pyrolidone (PVP; Fisher Scientific).  

Individual blastocysts were placed in 30 µl drops of Medium 199 (M199) containing 2.5% [v/v] 

fetal bovine serum (FBS; Invitrogen Corp.) and 10 µM Gentamycin (Sigma Chemical Co.) 

[213].  The stage of blastocyst development (non-expanded or expanded) was used to balance 

treatment combinations.  Medium was supplemented with 50 ng/ml recombinant (r) bovine (b) 

FGF1 (R&D Systems), 50 ng/ml rbFGF2 (R&D Systems), 50 or 500 ng/ml r human (h) FGF10 

(Invitrogen Corp.) or carrier only (M199 containing 1% [w/v] BSA).  In one study, blastocysts 

were incubated at 38.5ºC in 5% CO2/5%O2/90%N2 for 24 h, then washed once in PBS/PVP, 

snap-frozen in liquid nitrogen and stored at -80ºC.  In a companion study, blastocysts were 

incubated at the aforementioned condition for 48 h then washed once in PBS/PVP and fixed by 

incubation in 4% [w/v] paraformaldehyde (Polysciences Inc.) for 10 min and processed for 

determining blastomere numbers with Hoechst 33342 staining and epifluorescence microscopy 

[213].  Number of Hoechst-positive nuclei was quantified with NIS-Elements software (Nikon 

Instruments Inc.). 
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End-Point RT-PCR 

 All samples were incubated with RNase-free DNase (Ambion, Inc.) for 30 min at 37ºC then 

heat-denatured at 75ºC for 10 min immediately before reverse transcription. The SuperScript® 

III First-Strand Synthesis System Kit (Invitrogen Corp.) and random hexamers were used for 

reverse transcription of tcRNA.  Non-reverse transcribed DNase-treated RNA was included as a 

negative control for each sample. Gene-specific primer sets were used to amplify products for 

FGFR1, 2, 3, or 4 and FGF1, 2, 7 or 10 (see Table 3-2).  A primer pair specific for β-actin 

(ACTB) cDNA was included as a positive control in these reactions (Table 3-2).  PCR 

amplification was performed using either PfuUltra™ High-Fidelity DNA Polymerase 

(Stratagene) or ThermalAce™ DNA Polymerase (Invitrogen Corp.).  From 30 to 45 cycles of 

denaturation (95°C for 1 min), annealing (55–62°C for 1 min; depending on the primer set) and 

DNA synthesis (72 or 74°C for 1 min; depending on the polymerase) followed by a DNA 

polishing stage (72-74°C for 10 min) were completed.  The presence and approximate size of 

amplified products were determined by electrophoresis in an agarose gel (1.2% [w/v]) containing 

ethidium bromide (100ng/mL) and visualized on an UV light box.  

Amplicons of the desired size were excised from gels and ligated into the pCR4-Blunt TOPO 

vector (Invitrogen Corp.). Ligation reactions were used to transform chemically competent 

TOP10 E. coli (Invitrogen Corp.). Selected colonies were propagated and purified clones were 

sequenced in both directions using vector primer sets at the University of Florida DNA Core 

Facility.   Multiple clones from at least three different conceptuses were sequenced to verify that 

amplified products represented the transcript of interest.  Also, DNA sequencing was used to 

identify specific splice variant forms of FGFR1 to FGFR3 in bovine conceptuses and CT-1 cells.   
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Quantitative (q), Real-Time RT-PCR 

The abundance of FGF and IFNT transcripts in bovine conceptuses was determined by 

qRT-PCR.  All samples were incubated with RNase-free DNase (Ambion Inc.) as described 

previously before reverse transcription with the High Capacity cDNA Archive Kit and random 

hexamers (Applied Biosystems Inc.).   

For one study with in vitro produced blastocysts, primers specific for boIFNT and 18S 

(internal control) (Table 3-3) were used in combination with a SybrGreen detector system 

(Applied Biosystems Inc.) and a 7300 Real-Time PCR System (Applied Biosystems Inc.) to 

quantify IFNT mRNA concentrations.  After an initial activation/denaturation step (50ºC for 2 

min; 95ºC for 10 min), 40 cycles of a two-step amplification protocol (60ºC for 1 min; 95ºC for 

15 sec) were completed. A dissociation curve analysis (60-95ºC) was used to verify the 

amplification of a single product.  Each blastocyst sample was run in duplicate reactions and a 

third reaction lacking exposure to reverse transcriptase was included for each sample to verify 

they were free of genomic contamination.  The comparative threshold cycle (CT) method was 

used to quantify the abundance of IFNT mRNA relative to that of 18S [212].  In brief, the 

average ∆CT value for each sample was calculated (IFNT CT - 18S CT) and used to calculate the 

fold-change in the relative abundance of IFNT mRNA.   

A TaqMan-based qRT-PCR approach was used to quantify the abundance of FGF1, 

FGF2, FGF10, IFNT, and 18S RNA (internal RNA loading control) in other studies.  Primers 

and probes specific for each FGF transcript and IFNT mRNA were synthesized (Applied 

Biosystems Inc.; Table 3-4) and labeled with a fluorescent 5' 6-FAM reporter dye and 3' 

TAMRA quencher.  The IFNT primer/probe set was developed to recognize every known bovine 

and ovine IFNT isoform [212].  After an initial activation/denaturation step (50ºC for 2 min; 

95ºC for 10 min), 50 cycles of a two-step amplification protocol (60ºC for 1 min; 95ºC for 15 
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sec) was used with TaqMan reagent (Applied Biosystems Inc.) and a 7300 Real-Time PCR 

System to quantify transcript levels.  Abundance of 18S RNA was determined using the 18S 

RNA Control Reagent Kit (Applied Biosystems Inc.) containing a 5'-VIC-labelled probe with a 

3'-6-carboxy-tetramethylrhodamine quencher.  Each RNA sample was analyzed in duplicate 

reactions (10-50 ng tcRNA for blastocysts and d 11 conceptuses; 50 ng tcRNA for d 14 and 17 

conceptuses).  An additional reaction lacking exposure to the reverse transcriptase was included 

for each sample to verify they were free of genomic DNA contamination.  

The ∆CT method was used to contrast abundance of transcripts for FGFs and IFNT 

relative to 18S RNA in all but one study.  In one study, relative amounts of 18S RNA changed 

across stages of conceptus development, so a relative standard curve approach was used in 

combination with the amount of tcRNA used in qRT-PCR reactions to describe relative 

abundances for individual FGFs and IFNT during conceptus development [337, 338] (ABI Prism 

Sequence Detection System User Bulletin No. 2; Applied Biosystems Inc.).  One of the d 17 

conceptus RNA samples was used as a standard sample, and four doses of this preparation (2, 10, 

50, 250 ng tcRNA/reaction) was included in each real-time run.  The slope and intercept for each 

FGF, IFNT, and 18S curve was used to convert raw CT values into values that represented the ng 

of control tcRNA required to equal that detected in each sample by solving the formula: (10[(C
T

 

value-y intercept)/slope] / sample tcRNA).   

Statistical Analyses 

All analyses were completed by analysis of variance (ANOVA) using the General Linear 

Model (GLM) of the Statistical Analysis System (SAS Institute Inc.).  Differences in individual 

means were partitioned further by completing pair-wise comparisons (probably of difference 

analysis [PDIFF]).  When analyzing qRT-PCR data transformed using the ∆CT method, the ∆CT 
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values were used for the statistical analyses, but data are presented as fold differences from 

control values.  Results are presented as arithmetic means ± SEMs. 
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CHAPTER 4 
CONCLUSION 

Various FGFs produced by both the bovine endometrium and conceptus bind to and 

activate FGFRs expressed by the trophectoderm to stimulate IFNT mRNA and protein 

production in the bovine trophectoderm during early pregnancy (Figure 4-1). Our findings show 

FGF2 to be one of them. This FGF is released into the lumen throughout the estrous cycle and 

early pregnancy and is available to the bovine trophectoderm to stimulate IFNT production 

[212]. Other uterine-derived FGF, such as FGF7 and FGF10, are expressed in the stromal 

endometrium, and it is unlikely they can traverse the uterine layers and reach the lumen [298]. 

Therefore, their actions may be restricted to mediate the attachment of trophoblast cells [281], 

and to stimulate the proliferation of epithelial cells [218]. 

Our results also identified various FGFs produced by the bovine conceptus. Fibroblast 

growth factor 1 and FGF2, as well as their FGFRs isoforms, are produced by the trophectoderm 

during early pregnancy. Once activated, they have an autocrine effect to enhance IFNT 

production by the trophectoderm. 

Maybe the most exciting FGF of all, FGF10 represents the primary transcript in d17 

conceptus and has similar expression pattern as IFNT. Fibroblast growth factor 10 is localized to 

the mesoderm, and because is the predominant FGF in peri-attachment conceptuses, it is 

proposed that FGF10 interacts with its specific trophectoderm-derived receptor, FGFR2b, during 

conceptus elongation to maximize IFNT expression in early pregnancy.  
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Figure 4-1. Proposed model of expression and action of selective FGF during pre-attachment 
bovine conceptus development. 
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Table 3-2. End-point RT-PCR primer sets used for discovery of FGFR subtypes and FGFs 
expressed during early bovine conceptus development   

Gene of 
Interest Primer* Product 

Size Sequence (5'-3') Annealing 
Temp (oC) 

Gene 
Bank 

ID 
 

FGFR1 Forward 
Reverse 574 ATCGTGGAGAACGAATACGGC 

GGATGCTCTTGGCCAGCTTGT 
58 281768  

 
FGFR2 

 
Forward 
Reverse 

 
596 

 
GGTCCCGTCTGACAAAGGAAA 
GTCAGCTTGTGCACAGCCG 

 
58 404193

 

 
FGFR3 

 
Forward 
Reverse 

 
574 

 
GGCAGAATCCAGCAGACCTAC  
CAAGGACACCTGTCGCTTGAG 

 
58 281769

 

 
FGFR4 

 
Forward 
Reverse 

 
427 

 
AAGGCAGGTACACGGACATC 
TAAGCATCTTGACAGCCACG  

 
58 317696

 

 
FGF1 

 
Forward 
Reverse 

 
322 

 
TTCCTGAGAATCCTCCCAGA 
CTTTCTGGCCGAAGTGAGTC 

 
57 281160

 

 
FGF2 

 
Forward 
Reverse 

 
281 

 
CAAGCGGCTGTACTGCAAGA 
TCGTTTCAGTGCCACATACCA 

 
57 281161

 

 
FGF7 

 
Forward 
Reverse 

 
432 

 
GCTTGCAATGACATGACTCC 
TGCCATAGGAAGAAAGTGGG 

 
55 616885

 

 
FGF10 

 
Forward 
Reverse 

 
361 

 
GTTCTTGGTGTCTTCCGTCC 
CTCCTTTTCCATTCAATGCC 

 
55 326285

 

 
ACTB 

 
Forward 
Reverse 

 
362 

 
CTGTCCCTGTATGCCTCTGG 
AGGAAGGAAGGCTGGAAGAG 

 
57 280979

 

* Forward=sense (5') primer; Reverse=antisense (3') primer. 
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Table 3-3. Primer sets used for SybrGreen qRT-PCR  
Gene of 
Interest Primer* Sequence (5'-3') Gene Bank ID 

IFNT 
Forward GATCCTTCTGGAGCTGGYTG 

317698 Reverse 
 

GCCCGAATGAACAGACTCYC 

18S Forward GCCTGAGAAACGGCTACCAC 493779 
Reverse CACCAGACTTGCCCTCCAAT  

*Forward=sense (5') primer; Reverse=antisense (3') primer. 
Y= insertion of C or T nucleotide 
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Table 3-4. Primer/probe sets used for TaqMan qRT-PCR 
Gene of 
Interest 

Primer/ 
Probe* Sequence (5'-3')** 

Reference/ 
Gene Bank 

ID

FGF1 

Forward 
Reverse 
Probe 

ACAGTGGATGGGACGAAGGA 
CCCTATGCTTTCCGCACAGA 

AGCGACCAGCACATTCAGCTGCAG 
 

281160 

FGF2 

Forward 
Reverse 
Probe 

ACCGGTCAAGGAAATACTCCAG 
CAGGTCCTGTTTTGGGTCCA 

TGGTATGTGGCACTGAAACGAACTGGG 
 

[212] 

FGF10 

Forward 
Reverse 
Probe 

AGAGGACAGAAAACACGAAGGAAA 
GGTTATACTGCATCTGCAATCATTG 

CCTCAGCTCATTTTCTTCCGATGGTGGTAC 
 

326285 

IFNT 
Forward 
Reverse 
Probe 

TGCAGGACAGAAAAGACTTTGGT 
CCTGATCCTTCTGGAGCTGG 

TTCCTCAGGAGATGGTGGAGGGCA 
[212] 

* Forward=sense (5') primer; Reverse=antisense (3') primer. 
**Each probe was synthesized with a 6-FAM reporter dye and TAMRA quencher. 
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APPENDIX A 
QUANTITATIVE REAL TIME RT-PCR PROTOCOL 

A quantitative assay (qRT-PCR) determines the relative amounts of a nucleic acid target 

as it is being amplified with PCR. The following protocol was used when completing qRT-PCR 

with either TaqMan® Probes or SYBR Green I Dye detectors.   

RNA Concentration 

The concentration of RNA should be determined by measuring the absorbance at 260 nm 

(A260) in a spectrophotometer. 

NanoDrop 8000 (Thermo Scientific, Wilmington, DE) 

1. With the sample apparatus open, add 1.5 μL of RNA sample onto the measurement pedestal. 

2. Close the sample apparatus. The spectral measurement is made based on the path length of 

1mm.  

3. When the measurement is complete, open the sample apparatus and wipe the sample from 

both the sample arm and sample pedestal using an ordinary tissue (Kimwipes). 

DNAse Treatment 

This step is necessary to eliminate any DNA contamination in the RNA sample. 

1. For the actual samples, combine 600 ng of  RNA (or use all eluted RNA if the concentration 

is not enough) +12.5 μL of the following DNAse mix in a PCR tube: 

2x DNAse mix 1 reaction 
DNAse 1.0 μL 
DNAse buffer 1.5 μL 
DEPC water 9.0 μL 
TOTAL 12.5 µL 

2. Spin for 30 sec in a mini centrifuge. Set the program in a PCR thermocycler as following: 
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a.  37oC/30 min 

b.  75oC/15 min 

c.  4oC – end 

Reverse Transcription (RT) 

The RT reaction, also known as first strand cDNA synthesis, is necessary to convert 

single-stranded RNA into first strand DNA by a reverse transcriptase enzyme; the resulting 

product can be used in RT-PCR reactions.  

1. In a 96-well plate, add 10 μL of DNAse-treated product and 10 μL of RT mix. You must 

have two wells for the sample and 1 well for the negative control (3 wells/sample).  

2x RT mix 1 ⊕ reaction 1 -  reaction 
10x Buffer 2 μL 2 μL 
10x Primer 2 μL 2 μL 
25x dNTPs 0.8 μL 0.8 μL 
20x RTase 1 μL -- 

DEPC water 4.2 μL 5.2 μL 
TOTAL 10 μL 10 μL 

 
2. Spin at 4oC for 2 min at 2000 rpm. Set the program in the PCR thermocycler as following: 

a. 25oC/10 min 

b. 37oC/60 min – 2x 

c. 85oC/5 sec 

d. 4oC – end 

Real Time PCR: TaqMan® Probe  

TaqMan® probe consists of two fluorescent reporter proteins: a quencher (at the 3’ end) 

and a reporter (at the 5’ end).  Due to their proximity to each other, the quencher drastically 

reduces the fluorescence from the reporter. Taq polymerase then removes the TaqMan® probe 
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from the template DNA as it incorporates nucleotides into a new strand of DNA. This event 

separates the quencher from the reporter, and allows the reporter to emit its fluorescence, which 

is then quantified in real time. 

1. In a 96-well optical plate combine 5 μL of the RT product and 45 μL of PCR mix (3 

wells/sample). 

PCR mix 1reaction 
2x TaqMan® Mix 25 μL 
10x 2μM Primer For 5 μL 
10x 2μM Primer Rev 5 μL 
10x 1μM Probe 5 μL 
20x 18S Primer/Probe 2.5 μL 
DEPC water 2.5 μL 
TOTAL 45 μL 

 
2. Spin at 4oC for 2 min at 2000 rpm. Set the program in the computer by the Real Time PCR 

machine: 

Stage 1: 50oC/2 min 

Stage 2: 95oC/10 min 

Stage 3: 50 cycles 

95oC/15 sec 

55oC/1 min 

Real Time PCR: SYBR Green I Dye Chemistry 

The SYBR® Green I Dye binds to minor grooves in the double-stranded DNA and emits 

light when excited. It eliminates the need for complicated probe design and can be used in 

conjunction with any primers for any target of interest, although sensitivity can be compromised 

by biding to any dsDNA, including nonspecific products. 

1. In a 96-well optical plate combine 5 μL of the RT product and 45 μL of PCR mix (3 

wells/sample). 
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PCR mix 1 reaction
2x SYBR Green Mix 25 μL 
10x 2μM Primer For 5 μL 
10x 2μM Primer Rev 5 μL 
DEPC water 10 μL 
TOTAL 45 μL 

 
2. Spin at 4oC for 2min at 2000rpm. Set the program in the computer by the Real Time PCR 

machine: 

Stage 1: 50oC/2min 

Stage 2: 95oC/10min 

Stage 3: 50 cycles 

95oC/15sec 

55oC/1min 

Add Dissociation Stage: 

Stage 4: 95oC/15 sec 

60oC/30 sec 

95oC/15 sec 
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APPENDIX B 
RELATIVE STANDARD CURVE METHOD FOR ANALYZING qRT-PCR DATA 

The relative standard curve method uses a set of samples as internal standards to generate 

linear regression equations that can be used to normalize data across qRT-PCR runs. Relative 

standard curves are easy to prepare because quantity is expressed relative to a sample (the 

calibrator), which is used for comparing results across qRT-PCR runs. 

Standards 

Prepare a 5-fold dilution of a representative tcRNA sample that contains the transcripts of 

interest.  For example, in the work completed herein, standard samples included d 17 bovine 

conceptus RNA and lung RNA (250, 50, 10 and 2 ng of each). By using the same stock RNA to 

prepare standard curves for multiple plates, the relative quantities can be compared across plates. 

The standard samples used for this work were: 

• Lung: FGF1, FGF2 (targets) and 18S (endogenous control) 

• d17 conceptus: FGF10, IFNT  (targets) and 18S (endogenous control) 

It is important that stocks of RNA for the standard curve be accurately diluted. Store small 

aliquots of each dilution at -80oC, and thaw each aliquot only once. 

Determining the Relative Values 

Use the slope and intercept for each standard curve in the following formula. Convert raw 

Ct values into values that represent the ng of control tcRNA required to equal that detected in 

each sample. 

10
  

 
 

76 
 



 

Another way to determine the relative values when the internal control does not change 

throughout the samples is to use the slope and intercept from each standard curve in the 

following formula: 

10
   

10
    

 

 

 

 

 

 

 

 

 

 

 

77 
 



 

 

y = -2.6919x + 37.007
R² = 0.9883
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Figure B-1. Standard curve created for FGF1 using a lung sample. 
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y = -3.1452x + 33.578
R² = 0.9874
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Figure B-2. Standard curve created for FGF2 using a lung sample. 
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y = -3.2823x + 36.75
R² = 0.9915
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Figure B-3. Standard curve created for FGF10 using a d 17 conceptus sample.  
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y = -3.1336x + 23.344
R² = 0.9888
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Figure B-4. Standard curve created for IFNT using a d 17 conceptus sample.  

 

 

 

 

 

 

 

 

 

 

 

 

81 
 



 

 

y = -3.145x + 22.57
R² = 0.9899
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Figure B-5. Standard curve created for 18S using a lung sample.  
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y = -3.0811x + 15.664
R² = 0.9876
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Figure B-6. Standard curve created for 18S using a d 17 conceptus sample.  
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