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ABSTRACT 

 

Nutrient Signaling, Mammalian Target of Rapamycin and Ovine Conceptus 

Development.  

(May 2009) 

Haijun Gao, B.S., Sichuan University, China; 

M.S., Peking Union Medical College, China; 

M.S., University of British Columbia, Canada 

Co-Chairs of Advisory Committee: Dr. Fuller W. Bazer  
                                                    Dr. Guoyao Wu 

      

This research was conducted to test the hypothesis that select nutrients including 

glucose, leucine, arginine and glutamine stimulate conceptus development by activating 

mTOR (mammalian target of rapamycin; HGNC approved gene name: FRAP1, FK506 

binding protein 12-rapamycin associated protein 1) signaling pathway.   

First, temporal changes in quantities of select nutrients (glucose, amino acids, 

glutathione, calcium, sodium and potassium) in uterine lumenal fluid from cyclic (Days 

3 to 16) and pregnant (Days 10 to 16) ewes were determined. Total recoverable glucose, 

Arg, Gln, Leu, Asp, Glu, Asn, His, beta-Ala, Tyr, Trp, Met, Val, Phe, Ile, Lys, Cys, Pro, 

glutathione, calcium and sodium was greater in uterine fluid of pregnant compared to 

cyclic ewes between Days 10 and 16 after onset of estrus.  Of note were remarkable 

increases in glucose, Arg, Leu and Gln in uterine flushings of pregnant ewes between 

Days 10 and 16 of pregnancy.   

Second, effects of the estrous cycle, pregnancy, progesterone (P4) and interferon 

tau (IFNT) on expression of both facilitative (SLC2A1, SLC2A3 and SLC2A4) and 

sodium-dependent (SLC5A1 and SLC5A11) glucose transporters, cationic amino acid 

transporters (SLC7A1, SLC7A2 and SLC7A3), neutral amino acid transporters (SLC1A4, 

SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC7A5, SLC7A6, SLC7A8, SLC38A3, 

SLC38A6 and SLC43A2) and acidic amino acid transporters (SLC1A1, SLC1A2 and 

SLC1A3) in ovine uterine endometria from Days 10 to 16 of the estrous cycle and Days 
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10 to 20 of pregnancy as well as in conceptuses from Days 13 to 18 of pregnancy were 

determined.  Among these genes, SLC2A3 and SLC7A6 were detectable only in 

trophectoderm and endoderm of conceptuses.  The abundance of mRNAs for SLC2A1, 

SLC2A4, SLC5A1, SLC5A11, SLC7A1, SLC7A2, SLC1A4, SLC1A5, SLC43A2 and 

SLC1A3 changed dynamically in ovine uterine endometria according to day of the 

estrous cycle and early pregnancy.  Expression of mRNAs for SLC2A1, SLC5A11 and 

SLC7A1 in endometria was induced by P4 and further stimulated by IFNT with short-

term treatment (12 days), while expression of SLC7A1 and SLC1A5 in endometria 

required long-term treatment (20 days) with P4 and IFNT.    

Third, effects of the estrous cycle, pregnancy, P4 and IFNT on expression of 

nitric oxide synthase (NOS1, NOS2 and NOS3), GTP cyclohydrolase (GCH1), ornithine 

decarboxylase 1(ODC1), insulin-like growth factor II (IGF2), FRAP1 complexes 

(FRAP1, LST8, MAPKAP1, RAPTOR, RICTOR), regulators (TSC1, TSC2, RHEB) and an 

effector (EIF4EBP1) of FRAP1 signaling in ovine uterine endometria from Days 10 to 

16 of the estrous cycle and Days 10 to 20 of pregnancy as well as in conceptuses from 

Days 13 to 18 of pregnancy were determined.  All of these genes were expressed in 

ovine uterine endometrium and conceptuses.  Among these genes, expression of NOS1, 

IGF2, RHEB and EIF4EBP1 changed dynamically due to day of the estrous cycle and 

early pregnancy.  Progesterone stimulated NOS1 and GCH1 expression while IFNT 

inhibited NOS1 expression in uterine endometria, and P4 and IFNT stimulated 

expression of RHEB and EIF4EBP1 in uterine endometria. 

Collectively, these results indicate that: 1) the availability of select nutrients in 

the ovine uterine lumen increases to support the rapid growth and elongation of the 

conceptus during the peri-implantation stage of pregnancy; 2) P4 and/or IFNT 

stimulate(s) glucose and amino acid transporters to facilitate their transport from 

maternal tissues and/or blood into the uterine lumen during early pregnancy; 3) the 

FRAP1 cell signaling pathway mediates interactions between the maternal uterus and 

peri-implantation conceptus and both P4 and IFNT affect this pathway by regulating 
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expression of RHEB and EIF4EBP1.  Expression of NOS, ODC1 and IGF2 appear to be 

linked to FRAP1 signaling in both uteri and peri-implantation conceptuses.  
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CHAPTER I 

INTRODUCTION  

 

Embryonic loss represents a major constraint in both human reproduction and the 

livestock industry. There is a high rate of loss of early pregnancies in humans and 75 

percent of this loss represents a failure of implantation [1].  Much pregnancy wastage is 

caused by abnormal embryos [2]; however, it has been estimated that 27 percent of 

normal embryos are lost at the time of or soon after implantation [3]. Similarly, the 

incidence of embryonic loss in sheep is 20 to 30 percent, of which two-thirds occurs 

during the peri-implantation period between Days 12 and 18 of gestation [4] 

characterized with rapid trophectoderm growth and conceptus elongation [5].  

Successful establishment and maintenance of pregnancy in sheep requires 

appropriate interactions and communication between conceptus and uterus and is 

influenced significantly by the uterine environment. The mammalian conceptus is 

sensitive to and influenced by the intra-uterine environment that may have long-term 

effects on fetal/placental development, as well as postnatal growth and phenotype. 

During the peri-implantation period, uterine secretions, termed histotroph, contribute to 

the intrauterine environment that contains nutrients and other factors required for growth 

and development, and implantation of the conceptus [6]. However, components of the 

uterine environment responsible for embryonic mortality or survival are not understood. 

            FRAP1 (FK506 binding protein 12-rapamycin associated protein 1, formerly 

known as mTOR, RAFT and RAPT), a highly conserved serine-threonine protein kinase, 

senses and responds to changes in amino acid levels and energy sufficiency, as well as 

select agents, such as hormones and mitogens [7-9].  The mechanisms by which FRAP1 
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regulates cell growth and proliferation are summarized in Fig. 1.1. Briefly, FRAP1 can 

integrate both extracellular and intracellular factors to control growth and development 

of cells and tissues.  Thus, FRAP1 is critical for growth and proliferation of cells 

involved in conceptus development through effects on translation of proteins required 

for trophoblast differentiation, for example, at the late blastocyst stage in mice [10].  

Disruption of the FRAP1 gene leads to post-implantation lethality due to impaired cell 

proliferation and hypertrophy in both the embryonic disc and trophoblast [11, 12]. In 

addition to FRAP1, other components of FRAP1 complexes also play an important role 

in the functioning of FRAP1.  Knockout of Raptor, mLST8 [13], Rictor [13, 14], and  

Mapkap1 [15] genes results in disfunction of mTORC1 and mTORC2, respectively with 

fetal lethality occuring at different stages of development.  

Components in uterine secretions, including amino acids and glucose, may 

regulate FRAP1 activity in conceptus development.  In mice, leucine (Leu), arginine 

(Arg) and glutamine (Gln), transported by system B0,+ [Solute Carrier Family 6 

(Neurotransmitter Transporter Member 14 (SLC6A14)] in mouse embryos [16-18] in 

response to estrogen [19, 20] and other hormones may regulate trophectoderm 

differentiation through a classical FRAP1-dependent pathway [10, 21, 22] and may 

cause long-term consequences in the offspring [23]. Glucose may regulate the activity of 

FRAP1 via insulin and insulin-initiated signaling [24, 25] or via an insulin-independent 

pathway to regulate proliferation of trophectoderm cells [26]. 

To date, mechanisms by which amino acids and glucose are transported from the 

maternal circulation into the uterine lumen and taken up by the conceptus remain poorly 

understood, especially in the peri-implantation stage of pregnancy in ruminants.  In 

human placentae, amino acid transport requires active amino acid transporters which 

belong to different families and systems [27, 28], but little is known about their 

expression in the uterine endometrium and conceptuses.  In contrast, various glucose 

transporters identified in preimplantation embryos may provide a regulatory mechanism 

for glucose utilization. The Solute Carrier Family 2 (Facilitated Glucose Transporter), 

Member 1 (SLC2A1) may be important for transporting glucose into the uterus and/or 
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into the conceptus [29], because of its ubiquitous nature [30] and high abundance in peri-

implantation blastocysts [31], while SLC2A3 may be involved in uptake of glucose by 

cells [29] and SLC2A4 in syncytiotrophoblast can be regulated by maternal insulin and 

concentrations of glucose in maternal blood [32].  In contrast to the intensive studies on 

facilitative glucose transporters in uteri in both cyclic and pregnant females, little is 

known about the expression and role of sodium-dependent glucose transporters in 

uterine endometria and conceptuses. 
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FIG. 1.1.  Cell signaling pathways associated with FRAP1 activation (Modified from [26, 33, 34]). 
Legend: LKB, serine/threonine protein kinase 11 of unknown function; AMPK, adenosine 
monophosphate-activated protein kinase; IR, insulin receptor; IRS, insulin receptor substrates; PI3K, 
phosphoinositol-3-kinase; PKB, protein kinase B; AKT, serine/threonine kinase; PLD, phospholipase D; 
PA, phosphatidic acid; TOP, 5’-tract of oligopyrimidine messenger RNA; TSC1, tuberous sclerosis gene 1 
for hamartin; TSC2, tuberous sclerosis gene 2 for tuberin protein; mitogen includes osteopontin (SPP1); 
STAT3, signal transducer and activator of transcription 3. 
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FRAP1 may stimulate translation of genes critical to conceptus development, 

including trophoblast development, differentiation and motility. Expression of insulin-

like growth factor 2 (IGF2), ornithine decarboxylase (ODC1) and nitric oxide synthases 

(NOS3, NOS2 and NOS1) are stimulated via the FRAP1- RPS6KB1 pathway [10, 35, 

36].  IGF2 is associated with placental and fetal growth [37] predominantly through 

effects mediated by IGF1 receptor (IGF1R) and RPS6KB1 that is under the control of 

FRAP1 [35, 38] and by inducing NO production [39]. Interestingly, a positive autocrine 

feedback loop may exist between FRAP1 and IGF2 to promote cell growth [35, 38, 40]. 

ODC1 can regulate conceptus development and differentiation by catalyzing the 

synthesis of polyamines [41] that associate with DNA and nuclear proteins to produce 

normal chromatin required for proliferation of trophectoderm and formation of 

multinucleated trophectoderm cells [42].  ODC1 and polyamines are also important for 

trophectoderm motility and receptivity of uterine epithelial cells to adhesion by 

trophectoderm of mouse blastocysts [10, 43, 44], rapid growth of placenta and fetus, as 

well as associated increases in placental blood flow in pigs and sheep [45-47].  NO plays 

an important role in promoting blastocyst attachment and trophoblast motility, possibly 

through modifications of the extracellular matrix, and stimulation of vasodilation of 

maternal capillaries [48], through PI3K/AKT/FRAP1 induced by hepatocyte growth 

factor (HGF) [49], and/or by stimulating expression of SPP1 [50, 51].  Two isoforms of 

nitric oxide synthase, NOS3 and NOS2, are present in ovine trophoblast and their 

activities increase during early- and mid-gestation [46], but NOS1 has not been 

investigated in either uterine endometria or conceptuses in sheep and other species in 

spite of its presence in those tissues in rats [52, 53]. 
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CHAPTER II 

LITERATURE REVIEW 

 

Physiology of the Ovine Conceptus During the Peri-implantation Period 

 

Sheep conceptuses undergo dramatic developmental changes during the peri-

implantation period.  In mammals, the phases of implantation include: 1) shedding of the 

zona pellucida; 2) precontact and blastocyst orientation; 3) apposition of trophectoderm 

and uterine lumenal epithelium (LE); 4) adhesion of trophectoderm to uterine LE and 5) 

endometrial invasion by trophectoderm [54].  The early events in ovine conceptus 

development are schematically shown in Fig. 2.1.  Sheep embryos remain in the oviduct 

about 72 h after fertilization and develop to the morula-stage.  Morula-stage embryos 

enter the uterus on Days 4–5 and blastocysts formed by Day 6 contain a blastocoele 

surrounded by a monolayer of trophectoderm.  After hatching from the zona pellucida on 

Day 8, blastocysts transition to conceptuses that are spherical on Day 10 (0.4 mm), 

tubular on Day 12 (1 by 3.3 cm) and filamentous on Day 14 (10 cm or more), Day 15 

(15-19 cm in length) and Day 17 (25 cm or more in length) [55, 56].  Besides the 

dramatic increases in length, the dry weight (synthesis and accumulation of protein, 

DNA and RNA) of the trophoblast increases 90-fold between Days 13 and 19 of 

pregnancy, and the dry weight of yolk sac increases 17-fold from Day 15 to Day 19 of 

pregnancy [57].  Elongation of the trophectoderm continues and extends through the 

uterine body into the contralateral uterine horn between Days 16 to 17 and Day 21 of 

pregnancy.  During elongation of the conceptus, there is apposition and adhesion 

between trophectoderm and uterine LE, followed first by attachment and then 

interdigitation of cytoplasmic projections of trophectoderm cells and microvilli on the 

LE, which assures firm adhesion in both caruncular and intercaruncular areas from about 

Day 16 of pregnancy. 
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FIG. 2.1.  Early pregnancy events in sheep. This schematic by Dr. Greg A. Johnson [see 56] summarizes 
changes in embryo/blastocyst/conceptus development after fertilization in relation to position in the female 
reproductive tract and circulating levels of ovarian steroid hormones. Fertilization occurs in the oviduct 
and morula-stage embryos enter into the uterus on Days 4 to 5. Blastocysts form by Day 6, hatch from the 
zona pellucida (ZP) on Day 8, transition from spherical to tubular forms by Day 11 and then elongate to 
filamentous conceptuses between Days 12 and 16, with the beginning of implantation involving apposition 
and transient attachment (Days 12 to 15) and firm adhesion occurs by Day 16. By Day 17, the filamentous 
conceptus occupies the entire ipsilateral uterine horn and elongates through the uterine body into the 
contralateral uterine horn by Days 20 to 21 [56]. 
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In addition to the rapid growth of trophectoderm, emergence and growth of other 

extraembryonic membranes including allantois, yolk sac, and amnion and the 

development and differentiation of the embryo also occurs during the peri-implantation 

period.  On Day 7 of gestation, the primitive endoderm cells segregate from the inner 

cell mass (ICM) on the blastocoele side of the blastocyst and form visceral endoderm 

under the ICM. Visceral endoderm cells then migrate beneath the trophectoderm and 

form parietal endoderm, which expands to the abembryonic pole at Day 10 of gestation 

[58].  Yolk sac is formed on Day 10 [59] and separates from the chorion by Day 13 [54], 

which is completed by Day 17 [59].  The visceral and parietal layers of endoderm fuse 

with the yolk sac membrane when the extra-embryonic mesoderm migrates towards the 

extra-embryonic areas to form a transient vascularized choriovitelline (yolk sac) 

placenta.  The allantoic membrane buds from an endoderm-derived diverticulum of the 

hindgut by Day 16 of pregnancy and rapidly becomes vascularized.  As the yolk sac 

regresses, the allantois fills the extraembyonic coelom and fuses with the chorion, 

forming the chorioallantoic membrane on about Day 30 of pregnancy [59, 60].  The 

expansion of chorioallantoic membrane by accumulating allantoic fluid forces the 

vascular systems of the conceptus and entire surface of the maternal uterine 

endometrium initially and this is later most apparent in the placentomes derived from 

maternal caruncles and placental cotyledons of the placenta [61].  The amnion originates 

from amniotic folds which first appear by Day 13 of pregnancy, cover the embryonic 

disc on about Day 15, then fuse with trophoblast dorsal and lateral to the embryo.  This 

fusion is followed by invasion of outgrowing allantoic vasculature to form the 

amniochorion [59].  

The body of the embryo forms simultaneously with development of the extra-

embryonic membranes.  The round flat embryonic disc formed between Days 10 to 13 of 

pregnancy is transformed to an oval shape on Day 14 with formation of the primitive 

streak and neural plate.  Neural folds emerge and form up to seven somites at Day 15.  

At Day 16, head folding begins and the neural groove is at the level of the sixth somites.  

At Day 17, tail folding begins.  By Day 18, torsion of the caudal one-third of the body 
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occurs, the heart bulge is evident and the first two branchial grooves appear.  At Day 19, 

the first brachial arch includes the maxillary and mandibular portions which separate 

completely on Day 20.  Thick folds represent the first sign of hind- and fore-limb buds at 

Day 20, which differentiate into proximal and distal segments on Days 23 to 24 and 

prominent digits are not evident until Day 29.  The embryo assumes a “C”-shape with 

loss of body torsion and the appearance of a cervical sinus at Day 21.  At Day 26, the 

back begins to straighten and the cervical sinus closes completely.  At Day 27, fusion of 

nasal and maxillary processes and closure of the nasolacrimal groove is completed on 

Day 30 [59].  

Elongation of conceptuses in sheep and other ruminants is a prerequisite for 

central implantation which is superficial and noninvasive with increasing apposition and 

adhesion between trophectoderm and uterine LE [55].  The physiological significance of 

elongation is that it increases the placental surface area to facilitate maternal-conceptus 

crosstalk and nutrient transport [62].  Mechanisms regulating conceptus elongation in 

ruminants and pigs and the coordinated development of the embryonic and extra-

embryonic tissues are poorly understood.  Early elongation of the conceptus relies on 

cell proliferation, growth and remodeling of morphology [63]. For instance, concomitant 

increases in proliferation, migration and attachment of trophectoderm cells are presumed 

requirements for blastocyst elongation in uteri of ruminants [5, 54, 64, 65]. 

 

Regulation of Trophectoderm Growth, Proliferation, Migration and Differentiation 

 

Implantation in mammals is likely regulated by factors that are both intrinsic and 

extrinsic to the conceptus.  Intrinsic changes in gene expression regulate lineage 

commitments of cells, e.g., trophectoderm, and subsequent differentiation and gene 

expression, whereas extrinsic signals in uterine secretions can influence timing and rate 

of differentiation of trophectoderm in preparation for pregnancy recognition signaling 

and implantation.  This change is characterized by increases in hyperplasia, hypertrophy 

and migration of trophectoderm cells, apical membrane composition and cell-cell 
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adhesion.  The mechanisms regulating conceptus elongation in ruminants and pigs is 

unknown.  However, advanced genomic approaches, including microarray analyses of 

gene expression, are contributing to elucidation of changes in gene expression in both 

uterine endometrium and peri-implantation conceptuses during the peri-implantation 

period of pregnancy.  Meanwhile, in vitro studies utilizing trophectderm cell lines are 

providing information on underlying mechanisms responsible for trophectderm 

proliferation, migration, differentiation and gene expression.  

 

Transcriptional Profiling of the Peri-implantation Conceptus 

 

DNA microarray analyses of bovine peri-implantation conceptuses demonstrated 

dynamic changes in gene expression with advancing days of early pregnancy [66].  The 

identified genes pertain to protein synthesis, protein trafficking, post-transcriptional 

modification of RNA, nutrient transport, and cell growth and proliferation [63, 67].  

Overall, most genes expressed between the blastocyst stage to early stages of 

placentation were up-regulated, while only 14 of the identified genes exhibited down-

regulation.   Between Days 7 and 14 of pregnancy, about 500 genes were up-regulated 

and most of them remained elevated during implantation, while 26 genes were down-

regulated.  From Days 17 to 19 of pregnancy, about 80 genes were up-regulated.  On 

Day 20 of pregnancy, about 20 genes were up-regulated and most of them were related 

to trophoblast giant cells and may be responsible for initiation of implantation.  As for 

genes with increased expression, they differed in their pattern of change according to 

progression of early pregnancy with expresion of some being restricted to a short period 

of gestation, Days 7, 14, 21 or 28.  Among these genes, the expression of trophoblast-

cell-specific molecules such as interferon tau (IFNT), placental lactogens (CSH1), 

prolactin-related proteins (PRPs), and adhesion molecules were elevated during the pre-

implantation period coincident with pregnancy recognition signaling [68, 69], 

trophectoderm differentiation [70], and trophectoderm proliferation and migration [6, 71, 

72] which are crucial to successful implantation.  Similarly, dynamic changes in gene 



 

 

10 

expression were detected in peri-implantation conceptuses of pigs [67, 73], which 

possess protracted elongation and have a true epitheliochorial placenta.   

Certainly, transcriptional profiling of the conceptus narrows the scope of target 

genes which may regulate conceptus elongation, growth and implantation.  On the other 

hand, in vitro culture of trophoblast cell lines may simplify research to identify 

mechanisms responsable for differentiation, proliferation and migration of 

trophectoderm if the cell lines have a valid phenotype.  Studies with the mouse model of  

showed that genes such as IGF2, ODC and NOS that play important roles in conceptus 

development and differentiation are regulated by FRAP1 cell signaling [10, 35, 36].  

 

IGF2 and Trophectoderm Development 

 

IGFs (IGF1 and IGF2) stimulate proliferation, differentiation, migration and 

aggregation and inhibit apoptosis in a variety of cell types, including cells critical to 

fetal-placental development in primate and subprimate mammals [74-81].  IGFs mediate 

their effects by binding specific cell membrane receptors, IGF1 receptor (IGF1R) and 

IGF2 receptor (IGF2R), but primarily by activation of IGF1R [82] and by mediating 

mitogenic effects of growth hormone [83, 84].  During fetal-placental development, 

IGFs excert their effects in an endocrine and a paracrine/autocrine manner, which is 

dependent on production of IGFs by either the uterus [78, 81], conceptus [39, 85] and 

cells of target organs.  IGF2 regulates the embryo/conceptus development from very 

early stages, when the embryo resides in the oviduct [86], and facilitates nutrient 

transports in the placenta [76, 87] during mid- and late pregnancy due to paternally and 

maternally imprinted genes in the fetus and placenta [88].  On the other hand,  knockout 

of the Igf2 gene in mice results in smaller labyrinthine trophoblast, reduced fetal-

placental growth and decreased passive permeability for placental exchange of nutrients 

[76].  Similarly, altered expression of IGF2 in human trophoblast during the first and 

early second trimesters compromised perinatal outcome including a high incidence of 

intrauterine growth restriction, premature delivery and preeclampsia [75]. 
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There is a temporal correlation between IGF2 expression and initiation of highly 

proliferative trophoblast cells in human development [37].  To date, the mechanisms by 

which IGF2 stimulates trophectoderm proliferation and growth are unknown.  The 

translation of IGF2 mRNA is regulated by RPS6KB1, one target protein of FRAP1 

signaling, and inhibited by rapamycin, the inhibitor of FRAP1 [35, 38]; therefore, it is 

plausible that IGF2 expression in the trophectoderm is regulated by FRAP1 cell 

signaling.  Other evidence supporting this proposal is that IGF2, phosphatidylinositol 3-

kinase (PI3K), nuclear factor-�B (NF�B) and inducible nitric-oxide synthase (NOS2) 

form a common myogenic cell signaling pathway induced by IGF2 to stimulate skeletal 

muscle cell differentiation that is dependent on production of NO [39].   Interestingly, a 

positive autocrine feedback loop may exist between FRAP1 and IGF2 to promote cell 

growth [35, 38, 40], and the relationship of reciprocal effector and regulator between 

FRAP1 and IGF2 in different pathways may constitute a means for crosstalk web 

between them.   

 

NO, Polyamines and Trophoblast Motility 

 

Arginine is nutritionally essential for fetal-placental and neonatal growth and 

development via its role in nitric oxide (NO) signaling and polyamine synthesis [89] and 

insulin secretion [90].  During the peri-implantation period, arginine and its metabolites 

may be required for implantation [91, 92], as well as trophoblast outgrowth and motility 

through the FRAP1 cell signaling pathway [10, 44].  NO promotes blastocyst attachment 

and trophoblast motility, possibly through modifications of the extracellular matrix, and 

stimulation of vasodilation of maternal capillaries [48], through PI3K/AKT/FRAP1 cell 

signaling induced by hepatocyte growth factor (HGF) [49], and/or by stimulating 

expression of SPP1 [50, 51].  After implantation, NO plays an important role in 

regulating placental-fetal blood flow and the transfer of nutrients and oxygen from 

mother to fetus [93].  Polyamines (putrescine, spermidine, and spermine), the key 

regulators of DNA and protein synthesis and scavengers of reactive oxygen species [94], 
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regulate cell proliferation and differentiation [95]. Polyamines associate with DNA and 

nuclear proteins to produce normal chromatin required for proliferation of 

trophectoderm and formation of multinucleated trophectoderm cells that result in giant 

cell formation in mice [42].  Different polyamines, preferentially activated protein 

kinases (tyrosine kinases and MAP kinases), stimulate expression of nuclear 

protooncogenes (myc, jun, and fos) [42].  Polyamines stimulate trophectoderm cell 

motility through modification of beta-catenin phosphorylation, as well as changes in 

uterine epithelial cells to allow blastocysts to adhere to LE and undergo superficial 

implantation [10, 44]. Overall, physiological concentrations of polyamines are key 

regulators of implantation [96], angiogenesis, early embryogenesis, placental trophoblast 

growth, and embryonic development in the uterus [97, 98]. Thus, NO and polyamines 

are key regulators of angiogenesis and embryogenesis, as well as fetal-placental growth 

[99].  

Nitric oxide synthase (NOS)  and ornithine decarboxylase (ODC) are responsible 

for the synthesis of NO and polyamines, respectively, and, therefore, they play important 

roles in the conceptus development and differentiation [89, 100].  To date, NOS has been 

identified in endometria of mice [101], rats [102], mares [103] during the estrous cycle 

and humans [104] during the menstrual cycle and pregnancy and demonstrated to have 

different spatial and temporal patterns of expression and endocrine regulation. Two 

isoforms of nitric oxide synthase, NOS3 and NOS2, are present in ovine trophoblast and 

their activities increase during early- and mid-gestation [46], but NOS1 has not been 

investigated in either uterine endometria or conceptuses of sheep or other species in spite 

of its known presence in reproductive tissues of rats [52, 53].  ODC1 regulates 

activation, growth and development of diapausing blastocysts in mice by catalyzing the 

synthesis of polyamines [41]. ODC1 and polyamines are also important for 

trophectoderm motility and receptivity of uterine epithelial cells to adhesion by 

trophectoderm of mouse blastocysts [10, 43, 44], rapid growth of placenta and fetus, as 

well as associated placental blood flow in pigs and sheep [45-47].  In sheep, ODC 

activity peaks in mid-pregnancy in placentae and uterine endometria [105]. Intrauterine 
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growth retardation (IUGR) caused by maternal undernutrition and hypercholesterolemia 

during pregnancy may be due to the interruption of NOS and ODC expression and 

activity and associated  impaired synthesis of NO and polyamines by placentae [89]. 

The biosynthetic pathway for production of NO and polyamines is depicted in 

Fig. 2.2.  Arginine is converted to NO by NOS (NOS1, NOS2 and NOS3), which differ 

in encoding genes [106], physiological functions, cellular compartments, and regulation 

by cell signaling pathways [107].  Among the variety of factors that regulate NOS 

activities, tetrahydrobiopterin (BH4), is a critical cofactor for all three isoforms of NOS 

due to its allosteric and structural effects and redox activity [108]. GTP cyclohydrolase 

(GCH1) catalyzes the first and rate-limiting step in the de novo synthesis of BH4 [109] 

which is one of the key regulators of NOS activity [106].  Ornithine decarboxylase 

(ODC1), the first and rate-limiting enzyme in the biosynthetic pathway for production of 

polyamines, catalyzes the decarboxylation of ornithine to yield putrescine, which 

subsequently is converted to spermidine and spermine [110].   

Nitric oxide may be required for murine [91, 92], pig [111] and non-human 

primate [112] implantation as it is one of the key regulators of angiogenesis and 

embryogenesis, as well as placental and fetal growth [99].  However, large quantities of 

NO have toxic effects by inactivating key enzymes such as aconitase and ribonucleotide 

reductase which are involved in the tricarboxylic acid cycle and DNA synthesis [113], 

possibly causing damage to the conceptus [114]. In addition, toxic NO derivatives 

including peroxynitrite may be harmful to conceptus development [115]. Similarly,  

polyamines at high concentration will trigger cell death [116] due to apoptosis [117], 

thus the expression of genes for polyamines synthesis is restricted to implantation sites 

in pregnant mice [96].  Therefore, synthesis of NO and polyamines must be finely 

regulated to maintain optimal concentrations that maximize its benefit and also prevent 

adverse effects on conceptus development.  However, the underlying mechanism of such 

regulation is not known. 
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FIG. 2.2.  Nitric oxide and polyamine synthesis from L-arginine.  Arginine can be converted to NO by 
NOS (NOS1, NOS2 and NOS3).  BH4 is an essential cofactor for NO synthesis and GCH1 catalyzes the 
first and rate-controlling step in de novo synthesis of BH4.  L-ornithine is derived from arginine by 
arginase for conversión to putrescine, spermine, and spermidine by ODC1, a rate-limiting enzyme in the 
polyamine-synthetic pathway.  Both NO and polyamines regulate implantation, conceptus survival and 
development. Legend: NO,nitric oxide; NOS, nitric oxide synthase;  BH4, Tetrahydrobiopterin; GCH1, 
GTP cyclohydrolase; ODC1, ornithine decarboxylase.  
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Fetal-maternal Interactions During the Establishment of Pregnancy in Sheep 

 

Successful establishment and maintenance of pregnancy in sheep requires 

appropriate interactions and communications between conceptus and uterus for events 

that include pregnancy recognition and endometrial receptivity to implantation.   It is 

well-known that P4 and IFNT play critical roles in these processes.  Progesterone 

regulates endometrial functions required for conceptus growth, implantation, 

placentation and development to term by modulating gene expression in uterine 

endometria [56, 118, 119]. In ruminants, including sheep, IFNT is the pregnancy 

recognition signal secreted by the elongating conceptus that prevents development of the 

luteolytic mechanism to ensure maintenance of the corpus luteum and its production of 

P4 [120] for regulation of uterine receptivity to implantation and conceptus development 

that involves regulation of expression of IFNT-stimulated genes (ISGs) [56, 121-123].  

The antiluteolytic mechanism induced by IFNT is summarized in Fig. 2.3.  

In domestic animals including sheep, the estrous cycle is dependent on the uterus 

which is the source of the luteolytic hormone prostaglandin F2� (PGF).  Hormones 

including P4, estrogen, oxytoxin and dynamic changes in expression of their specific 

receptors in uterine epithelia and corpus luteum regulate the estrous cycle, while IFNT 

blocks luteolysis for maintenance of CL and progesterone production required for 

establishment and maintenance of pregnancy [56, 122, 124-126].  During estrus and 

metestrus, circulating estrogens increase expression of both estrogen receptor � (ESR1) 

and oxytoxin receptor (OXTR) on uterine LE and superficial glandular epithelium (sGE) 

[127], but circulating levels of P4 are inadequate to activate PGR and suppress 

expression of ESR1 and OXTR [127-129]. During early diestrus, low estrogen and 

elevated P4 suppresses ESR1 and OXTR expression by LE/sGE for 8–10 days through 

actions mediated via PGR, but P4 eventually down-regulates expression of PGR in 

endometrial LE/sGE by Days 11 to 12 of the estrous cycle to end the progesterone block 

of ESR1 and OXTR expression [130, 131].  ESR1 expression increases after Days 11 

and 12 post-estrus and ESR1 mediates estrogen-induced expression of OXTR in LE/sGE 
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on Days 13 and 14 [131, 132].  In both cyclic and pregnant ewes, oxytocin (OXT) is 

released from the posterior pituitary and CL beginning as early as Day 9. In cyclic ewes, 

OXT binds to OXTR in LE/sGE to induce the release of luteolytic pulses of PGF 

through a prostaglandin–endoperoxide synthase 2 (PTGS2)-dependent pathway that 

leads to CL regression [127].  In pregnant ewes, IFNT is synthesized and secreted by the 

elongating conceptus beginning between Days 9 to 12 and ending on Days 21 to 25 of 

pregnancy [5, 133], binds to Type I IFN receptors (IFNAR) on endometrial LE/sGE to 

inhibit transcription of the ESR1 gene through a signalling pathway involving IFN 

regulatory factor 2 (IRF2) [134, 135], which blocks the ability of estrogen to induce 

expression of OXTR required for pulsatile release of luteolytic PGF [56, 122, 124, 125, 

135]. 

 

Progesterone and IFNT Regulated Genes in Uterine Endometrium 

 

The pregnant ovine uterus is regulated by the timely interplay of estrogen, P4, 

IFNT, CSH1 and GH which act via a proposed servomechanism to regulate endometrial 

gland morphogenesis, secretory functions and uterine growth during gestation [136].   

There is an increasing number of genes expressed by cells of the ovine uterine 

endometrium in response to P4 and/or IFNT [56, 122, 137]; however, the underlying 

mechanism of regulation of gene expression by P4 and IFNT has not been elucidated as 

many of the genes are expressed by LE/sGE that lack both PGR and STAT1[56, 122, 

137].  The temporal and spatial (cell-specific) patterns of expression of these genes are 

summarized in Table 2.1 (reviewed in [122, 123, 137]). 
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FIG. 2.3. Hormonal regulation of the endometrial antiluteolytic mechanism.  In pregnant ewes, IFNT is 
synthesized and secreted by the elongating conceptus between Days 9 to 10 and 25 of pregnancy. IFNT 
binds to Type I IFN receptors (IFNAR) on endometrial LE and sGE to inhibit transcription of the ESR1 
gene through a signalling pathway involving IFN regulatory factor 2 (IRF2) which prevents estrogen-
induced expression of OXTR and, therefore, pulsatile release of luteolytic PGF (Modified from [124, 
125]). Legend: E, estrogen; ESR1, estrogen receptor alpha; IFN�, interferon tau; IRF2, interferon 
regulatory factor two; OXT, oxytocin; OXTR, oxytocin receptor; PGF, prostaglandin F2 alpha; PGR, 
progesterone receptor. 

 

 

 

 

 

 

 

 

 

 



 

 

18 

Overall, genes regulated by P4 and/or IFNT in ovine uterine endometria fall into 

three catergories.  First, genes whose expression is induced by P4 and further stimulated 

by IFNT include LGALS15 [138], CTSL [139], CST3 [140], HIF2A [141], GRP [142] 

and IGFBP1 [143].   LGALS15 has been proposed to play an important role in 

blastocyst attachment and elongation [138] possibly by mediating cell growth, 

differentiation, adhesion and migration of trophectoderm cells [144, 145].  CTSL and 

CST3 may modify the glycocalyx on LE and trophoblast to assist apposition and 

adhesion of trophectoderm to LE during the implantation [146].   Second, there are 

genes expressed by GE in response to P4, but not IFNT that include MUC1, SPP1 

(secreted phosphoprotein 1 or osteopontin) [147], STC1 (stanniocalcin) [148] and UTMP 

(uterine milk proteins or serpins) [149].  Third, there are genes regulated by IFNT 

known as IFN-stimulated genes or ISGs, such as STAT1, STAT2, IRF, IRF9, ISG15, 

B2M, MIC, OAS, RSAD2, IFIH1, GBP2 [137] expressed only by GE and stromal cells of 

the ovine uterus.  STAT1, STAT2, IRF9, components of the classical IFNT cell signaling 

pathway, mediate effects of IFNT.  There is also reduced expression of B2M and MIC in 

LE which may be favorable for preventing immune rejection of the conceptus which is a 

semi-allograft [150].  In addition, these ISGs are hypothesized to regulate uterine 

receptivity to implantation and conceptus development during the peri-implantation 

period  [6, 56, 122, 151] . 
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TABLE 2.1. Temporal and cell-specific expression of progesterone and interferon tau regulated genes in 
ovine uterine endometria during the peri-implantation stage of pregnancy.  
 

Day of Pregnancy Location/Cell 
Type 

Gene 

10-11 12-13 14-15 16-17 18-20 

IFNT + ++ +++ +++ + 
CSH1    + + 

enJSRVs env  + + + + 

Conceptus 

HYAL2    + + 

GLYCAM1 + ++ +++ +++ ND 
LGALS15 + ++ +++ +++ ND 

SPP1   ++ +++ ND 
CTSL  +++ +++ +++ ND 

Uterine lumen 
protein 

CST3  +++ +++ +++ ND 
PGR +     

enJSRVs env + + + + + 
MUC1 ++ +++ ++ ++  

GLYCAM1  ++ +++ +++ +++ 
LGALS15  ++ +++ +++ +++ 

CTSL  ++ +++ +++ +++ 
CST3  ++ +++ +++ +++ 

WNT7A ++  ++ ++ ++ 
IRF2 + ++ +++ +++ +++ 
IFI6    ++ +++ 

PTGS2  ++ ++ ++ ++ 
ISG15 ++ ++    
MIC ++ ++    
B2M ++ ++    

LE 
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TABLE 2.1 Continued 

Day of Pregnancy Location/Cell 
Type 

Gene 

10-11 12-13 14-15 16-17 18-20 

GE PGR ++ ++    
 PRLR + + + + + 
 SPP1  + ++ +++ +++ 
 CTSL   ++ +++ +++ 
 CST3   ++ +++ +++ 
 SERPIN     ++ 
 STC1     ++ 
 GRP    ++ ++ 
 STAT1   ++ +++ +++ 
 STAT2   ++ +++ +++ 
 ISGF3G   ++ +++ +++ 
 IRF1   ++ +++ +++ 
 GBP2  ++ ++ +++ +++ 
 IFIT1  ++ ++ +++ +++ 
 ISG15   ++ +++ +++ 
 IFIH1  ++ +++ ++  
 RSAD2 ++ +++ +++   
 IF16   ++ +++ +++ 
 MIC   ++ +++ +++ 
 B2M   ++ +++ +++ 

S PGR ++ ++ ++ ++ ++ 
 STAT1   ++ +++ +++ 
 STAT2   ++ +++ +++ 
 ISGF3G   ++ +++ +++ 
 IRF1   ++ +++ +++ 
 IRF9   ++ +++ +++ 
 GBP2  ++ +++ +++ +++ 
 ISG15   ++ +++ +++ 
 IFI6   ++ +++ +++ 
 IFIT1   ++ +++ +++ 
 IFIH1  ++ +++ +++ ++ 
 RSAD2  ++ +++ +++ +++ 
 MIC   ++ +++ +++ 
 B2M   ++ +++ +++ 
       

 

Relative abundance of mRNAs across days of pregnancy: “+” denotes low; “++” denotes moderate; “+++” 
denotes high. ND, not determined due to inability to flush intact conceptuses from the uterine lumen on 
Days 18–20 of pregnancy. LE: luminal epithelium; GE: glandular epithelium; S: stroma (Modified from  
[122, 123]). 
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Nutrients in Histotroph That Represent Secretions of Uterine Glands  

 

Histotroph is vital for the survival and development of conceptuses throughout 

gestation, especially in species with a noninvasive type of placentation such as in 

ruminants, pigs and equids.  Histotroph is a complex mixture of enzymes, growth 

factors, cytokines, lymphokines, hormones, transport proteins, sugars, amino acids, 

water and other nutrients, synthesized and secreted by uterine endometrial glands in all 

mammals [152-154].  Histotroph may play versatile roles in early concetpus 

development including trophoblast growth, implantation, and immunological protection 

of the conceptus [64, 152, 155, 156].  The lack of uterine glands and their secretions, as 

well as decreased amount of LE in uterine gland knockout (UGKO) ewes results in 

failure to experience normal estrous cycles or maintain pregnancy beyond Day 14 [153]. 

The requirement for uterine secretions for conceptus development may also explain why 

hatched blastocysts and trophoblastic vesicles do not elongate in vitro unless transferred 

back to the uterine lumen [64].  

The source of nutrients transferred from the mother to the conceptus changes as 

pregnancy progresses in mammals.  Prior to implantation, the conceptuses in the uterine 

lumen are in an intrauterine environment for protection, but also to be bathed in nutrient 

rich histotroph that can be taken up by the trophoblast [152, 157, 158].  After 

implantation, there is a shift of nutrient source from only histotroph to histotroph and 

hematotroph during the remainder of pregnancy as development of the placenta 

progresses and increases it capacity to transport nutrients to the conceptus.  However,  it 

must be noted that histotroph remains as important as hematotrophic nutrition during 

mid- and late-pregnancy in domestic livestock [159, 160] and during the first trimester 

of pregnancy in humans [161].  The preimplantation mammalian embryo of different 

species appears sensitive to its environment, and this sensitivity may lead to long-term 

consequences in fetal and/or postnatal growth and phenotype [162].  Both in vitro 

culture and specific conditions in vivo such as maternal diet will affect short-term 

epigenetic, metabolic and proliferative conditions with the possibility of altering 
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maternal physiology and imposing effects on the developmental potential of conceptus 

by changing gene expression and altering the neuroendocrine axis [163]. 

Despite the requirement for histotroph for conceptus development, little is known 

about its composition with respect to effects of specific nutrients and how they change 

qualitatively or quantitatively during pregnancy, particularly in sheep and other 

ruminants. The concentrations of glucose in uterine secretions from the non-gravid 

uterine horn of ewes at Day 140 of pregnancy is about 1 mM [164], which is much less 

than 3.5 mM in uterine fluids in mammals (Reviewed in [162]).   In mammals,  uterine 

fluids in the preimplantation period of pregnancy have high concentrations of glucose 

[162].  If glucose in ovine uterine fluids during preimplantation is as abundant as other 

species, the great difference between early pregnancy and late pregnancy may reflect the 

importance of glucose for early development of the conceptus.  Recently, concentrations 

of amino acids in oviductal and uterine fluids and blood plasma on different days of the 

estrous cycle of heifers were determined [165].  The main findings were that: 1) 

concentrations of many amino acids differed between oviductal and uterine fluid; 2) 

Asp, Glu, Ser, Gly, Ala, Tyr, Phe and Lys were present in higher concentrations in 

oviduct than in plasma; 3) concentrations of amino acids in uterine fluids were affected 

by day of the estrous cycle; 4) histidine, glycine, taurine, threonine and phenylalanine 

increased from Days 6 to 8 and then decreased to Day 14; 5) glutamate, Ser, Gln, Arg, 

Ala, Trp, Val and Leu increased linearly between Days 6 and 14 and 6) concentrations of 

amino acids in oviduct fluid were not affected by day of the estrous cycle whereas 

changes in concentrations of most amino acids in uterine fluid were affected by day of of 

the estrous cycle. These patterns may indicate that these amino acids in oviductal and 

uterine fluids are actively transported by the epithelia and that amounts in uterine fluid 

may be regulated by hormonal changes during the estrous cycle.   

Mechanisms by which the amino acid transporters are regulated in the oviductal 

and uterine endometria are unknown, though it is well known that their transport 

requires active amino acid transporters.  It has been hypothesized that P4 induces 

dynamic changes in the uterine endometrial epithelia during pregnancy, resulting in a 
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leaky state to facilitate transport of molecules into the uterine lumen [166].  Early 

administration of P4 to ewes from Day 1.5 of pregnancy results in advanced 

development of conceptuses on Days 9 and 12 [167] which was associated with loss of 

tight-junction-associated proteins [166].  Interestingly, in early pregnant ewes, P4 elicits 

a transient decrease in tight and adherens junctions in endometrial LE between Days 10 

and 12, but this is followed by an increase in tight and adherens junctions between Days 

14 and 16 [166].  The dynamic changes in uterine LE induced by P4 were linked, in 

theory, to physiological functions in early pregnancy.  That is, the decrease in tight and 

adherens junctions increases selective serum and tissue fluid transudation into the uterine 

lumen to enhance elongation of conceptuses, while the increase in tight and adherens 

junctions may favor attachment and adherence of trophectoderm to uterine LE for 

implantation.  

 

Glucose Metabolism in Peri-implantation Conceptus  

 

Source of Glucose in the Ovine Uterine Secretions  

 

Glucose, a major source of energy for cells of both the conceptuses and the 

uterus [168], is delivered from the maternal circulation into the uterine tissue and uterine 

lumen by glucose transporters [169, 170]. Neither conceptuses nor uterine endometrium 

carry out gluconeogenesis, a metabolic process by which glucose is formed from non-

cabohydrates.  In ruminants, nearly all of the dietary carbolydrates are fermented in the 

rumen to form short-chain fatty acids which are taken up primarily by epithelia lining 

the rumen wall and transported into the blood.  In the liver and kidneys of ruminants, 

some amino acids (e.g., alanine, serine, threonine and glutamine), propionate, and lactate 

are converted into glucose via a series of reactions involving mitochondria and 

cytoplasm.  Glucose in the blood is transported to the uterus via the uterine branch of the 

ovarian artery and its branches and into capillaries for uptake into the uterine tissues.             
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Glucose Metabolism in Ovine Conceptuses 

 

Glucose uptake and consumption is vital for survival and development of 

embryos during the preimplantation period.  The maintenance of optimal glucose 

utilization is at least partially regulated by the PI3K pathway during the preimlantation 

period [171] when metabolism of glucose increases markedly from the 2-cell to 

blastocyst stages in different species including sheep [172].  For sheep embryos, 

pyruvate is the main engery source from the time of fertilization in the oviduct to 

hatching of blastocysts in the uterus on Day 7.  After hatching, glucose uptake by 

blastocysts increases; however, due to the limited ability to oxidize pyruvate and 

glucose, lactate is the main product of glucose metabolism [173]. During implantation, 

ovine concetpuses, both the embryo and extraembryonic membranes, actively 

metabolize glucose via glycolytic and oxidative pathways such that overall consumption 

of glucose increases from Day 13 to Day 19 of pregnancy [174, 175]. Glucose in 

oviductal fluid and uterine fluid can be transported into conceptuses by glucose 

transporters identified in embryos/conceptuses from all stages of development [171].  

The oviductal fluid is abundant in pyruvate and lactate and low in glucose, while uterine 

fluid has relatively low levels of pyruvate and lactate, and higher concentrations of 

glucose [176].  Therefore, the shift in energy source for embryo/concetpus from 

pyruvate to glucose is coincident with changes in their environment.  

The consumption of glucose as an energy source for embryonic development 

starts from the early blastocyst stage, associated with the formation of trophectoderm; 

from then on, embryonic metabolism switches from oxidation of lactate and pyruvate via 

the Krebs cycle and oxidative phosphorylation to anaerobic metabolism of glucose 

through glycolysis [169, 177]. The rate of metabolic activity of the conceptus continues 

to increase markedly with the approach of implantation [178]. In vitro, metabolism in 

sheep embryos via glucose oxidation and glycolysis increased progressively to Day 15 

of pregnancy, while glucose metabolism decreased progressively in extra-embryonic 

tissue during the peri-implantation period [175]. Therefore, it was hypothesized that 
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trophectoderm spares glucose for the ICM [179]. Glucose carbon is incorporated into 

macromolecules, glycogen and desmoglycogen which presumably act as a source of 

energy during implantation in mice.  The accumulation of glucose by conceptuses of 

sheep and cattle between Days 14 and 18 of pregnancy is similar to that in mice; 

however, very little glycogen is synthesized by ruminant embryos [178].  In general, the 

content of glycogen in the ovine trophoblast tended to increase as development 

progressed except for an abrupt decrease on Day 17 followed by a peak on Day 19 [57].  

Similarly, the content of glycogen in yolk sac was much more abundant than in early 

days of conceptus development [57].  These results indicate that conceptuses aquire the 

ability to synthesize glycogen as gestation progresses to maintain glucose homeostasis 

after the implantation.  In addition, trophectoderm of conceptuses of ruminants, pigs  and 

equids converts glucose to fructose which can serve the same purpose as glycogen, i.e., a 

source of glucose through actions of glucose-fructose isomerase to convert fructose back 

to glucose as needed [180-182].  How glucose availability is sensed by cells such as 

those in early embryos is unknown, but Wen et al. [26] linked FRAP1 with glutamine-

fructose-6-phosphate aminotransferase (GFAT) as nutrient sensors for trophectoderm 

cell proliferation (Fig. 2.4).   
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FIG. 2.4.  Activation of FRAP1 signaling pathway by glucose.  Glucose activates FRAP1 via metabolites 
of the glucosamine biosynthetic pathway that lead to the production of UDP-N-acetylglucosamine (UDP-
GlcNAc).  UDP-GlcNAc stimulates TSC2, an upstream regulator of FRAP1 via unknown mechanisms. 
UDP-GlcNAc is the sole source of GlcNAc for O-linked glycosylation of proteins, a process that may 
account for the effect of glucose and glucosamine on FRAP1 signaling. Overall, glucose stimulates 
trohphoblast growth by promoting protein synthesis mediated by RPS6KB1(Modified from  [26]). 

 

 

Glucose Transporters in Uteri and Conceptuses 

 

Glucose transport across plasma membranes is mediated by two distinct families 

of glucose transporters, the facilitative glucose transporter family (solute carriers 

SLC2A, common name, GLUT) and the sodium-dependent glucose transporter family or 

sodum/glucose cotransporters (solute carriers SLC5A, common name SGLT) [183]. 

These two families differ in tissue and cell-specific distribution, sodium-dependence, 

energy-dependence and direction of glucose transport. The characteristics of SGLTs are 

active, sodium-dependent and energy-dependent against an electrochemical gradient in 
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the process of glucose transport, with limited expression in tissues and cells.  In contrast, 

in most tissues and cells, glucose is transported by a bidirectional and energy-

independent process mediated by facilitative glucose transporters.  

Facilitative glucose transporters are frequently associated with glucose 

metabolism in developing embryos. Currently, there are 13 members of the facilitative 

glucose transporter family, GLUTs 1-12 and the H+ coupled myo-inositol-tranporter 

(HMIT) and most have been found in preimplantation mammalian embryos except that 

the presence of SLC2A2 (GLUT2) and SLC2A4 (GLUT4) in preimplantation embryos 

is controversial [171].  The family of facilitative glucose transporters have common 

structural features, but different kinetic characteristics, substrate specificity, localization, 

hormonal and environmental controls, and temporal and tissue-specific characteristics 

[30].  

SLC2A1 (GLUT1) is the most ubiquitous isoform of GLUTs present in 

mammalian cells and embryos [30, 183] and it is expressed in trophectoderm cells and 

present in the plasma membrane of cells in the ICM [29, 184]. The expression of 

SLC2A1 increases early in preimplantation bovine blastocysts [31]; therefore, it may be 

responsible for transport of glucose from uterine fluid into the conceptus [29]. SLC2A3 

(GLUT3) is detected on the apical surface of compacted morulae and trophectoderm 

cells and may also be responsible for uptake of maternal glucose [29]. SLC2A4 has been 

identified in tropoblast and endoderm cells of preimplantation bovine embryos [31] as 

well blastocysts of rabbits, rats and mice [171].  

SLC2A4 is one of the two insulin responsive GLUTs, and insulin and/or IGF1 

stimulate translocation of SLC2A4 protein to the cell surface [185], presumably to 

increase transmembrane transport of glucose. However, in contrast to increased 

expression of SLC2A1 in bovine blastocysts, SLC2A4 transcription is down-regulated in 

Day16 blastocysts [31].  It has been suggested that maternal insulin and plasma glucose 

levels regulate glucose transport in early pregnancy through SLC2A4 expressed in the 

syncytiotrophoblast [32]. Therefore, unlike SLC2A1, SLC2A4 expression might be 

dependent on glucose availability in the uterine lumen during the preimplantation period 
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to maintain optimal concentrations of glucose for embryonic development. It has been 

reported that hyperglycemia can compromise embryonic survival and development by 

inducing apoptosis in preimplantation embryos [186].  

To date, six members of the SGLT family (SGLT1-6) have been cloned and 

shown to differ in substrate specificities, kinetic characteristics and distribution among 

tissues and cells [187].  They have a different role in regulating the glucose homeostasis. 

SLC5A1 (SGLT1), a high affinity Na+/glucose cotransporter, is localized primarily to 

the brush-border membrane of mature enterocytes of small intestine for transport of 

dietary D-glucose and D-galactose [188].  SLC5A1 also transports urea, water and H+ 

[187].  SLC5A2 (SGLT2), a low-affinity glucose transporter, is expressed mainly on the 

apical membrane of renal proximal convoluted tubules and is presumably responsible for 

the reabsorption of D-glucose [189].  SLC5A4 (SGLT3), a unique member in SGLT 

family, does not transporter glucose in humans, but may function as a glucose sensor 

[190]. SLC5A9 (SGLT4) and SLC5A11 (SGLT6) are expressed in a wide variety of 

tissues, whereas expression of SGLT5 is restricted to kidney, but there is no information 

on other characteristics [187]. 

The presence of SGLT during embryonic development and their function is 

controversial. SGLTs have been identified in mouse embryos during compaction [191]; 

however, their function as glucose transporters was not proven [192].   In cows, SLC5A1 

was detected in oocytes and preimplantation embryos up to Day 16 of pregnancy [193].  

Recently, SLC5A1 was found in rabbit placenta [194] and SLC5A2 is present in human 

trophoblast cells in culture [195].  Whether SGLT plays a role in uptake of glucose in 

peri-implantation conceptus remains unknown because SGLTs have substrates besides 

glucose that include water.  SLC5A1 can act as a water pump independent from glucose 

concentrations [196]; therefore, the different physiological roles of SGLTs in the peri-

implantation conceptus development including glucose transport require further study.  

Except for SLC5A4, other SGLT members in uteri have not been determined in all 

species.  
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Amino Acid Metabolism by Peri-implantation Conceptus 

 

Amino acids and glucose are vital for conceptus survival and development. 

During the preimplantation period, the conceptus is relatively free-floating in oviductal 

and uterine fluids; therefore, it is nutrionally and physiologically dependent on nutrients 

in those fluids for survival and development. It has been proposed that nutrient 

deficiencies before ovulation and through conception and very early pregnancy have 

their most serious effects on the outcome of pregnancy [197].  Moreover, according to 

the Barker’s hypothesis on early origins of adult disorders [198], nutrient availability in 

oviductal and uterine fluids might determine some physiological and/or pathological 

abnormalities in adults.  

During the peri-implantation stage of conceptus development, nutrients available 

to ovine blastocysts are from uterine fluid and are derived from the maternal circulation 

[199].  Proteins, as well as free amino acids in uterine fluids, may be an important source 

of nitrogen for survival and development of ovine conceptuses because trophectoderm 

can take-up proteins by pinocytosis, transport them to lysosomes and degrade them to 

amino acids which are then used for protein synthesis [158].  However, there are no 

reports of protein uptake in the yolk sac where exogenous proteins are captured by 

pinocytosis and transferred into endodermal cells of the visceral yolk sac and broken 

down in the lysosomes to produce amino acids for the embryo [200, 201].  Strikingly, in 

rats, proteins in culture medium provide almost all leucine for protein synthesis during 

early organogenesis [202].  This suggests that proteins in culture media or uterine lumen 

also play an important role in conceptus development. To date, little is known about 

protein metabolism in peri-implantation conceptuses in sheep and other ruminants.  The 

following text focuses on amino acid metabolism in peri-implantation conceptuses.   
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Amino Acids in Uterine Secretions and Conceptus Development 

 

Despite the requirement of histotroph for conceptus development, little is known 

about its composition with respect to specific nutrients and how they change 

qualitatively or quantitatively during pregnancy, particularly in sheep and other 

ruminants.  Recently, concentrations of amino acids in oviduct and uterine fluid and 

maternal plasma from different days of the estrous cycle of heifer were determined 

[165].  The main findings were that: 1) concentrations of many amino acids differed 

between oviductal and uterine fluids; 2) Asp, Glu, Ser, Gly, Ala, Tyr, Phe and Lys were 

present at higher concentrations in oviductal fluid than maternal plasma; 3) 

concentrations of amino acids in uterine fluids are affected by day of the estrous cycle; 

4) histidine, Gly, Tau, Thr and Phe increased from Days 6 to 8 and then decreased to 

Day 14 of the estrous cycle; 5) concentrations of Glu, Ser, Gln, Arg, Ala, Trp, Val and 

Leu increased linearly from Day 6 to Day 14; and 6) concentrations of amino acids in 

oviductal fluid were not affected by day of cycle, but were affected by day of the estrous 

cycle in uterine fluid.  The differences in patterns of change in amino acids in oviductal 

and uterine fluids indicate that they are actively transpsorted across endometrial epithelia 

and into the oviductal and uterine lumen in response to changes in circulating ovarian 

sex steroids during the estrous cycle.   

The mechanisms for transport of amino acids from maternal blood to the lumenal 

fluids of the oviduct and uterus are not known.  It has been proposed that epithelia in the 

reproductive tract synthesize those amino acids which have higher concentration in 

oviductal and uterine fluids than in maternal plasma [203].   This proposal may fit for 

some amino acids, but not all of them. For example, the uterine endometrium and 

placenta can not synthesize citrulline, the precursor of Arg in pigs and sheep [204]; 

therefore, arginine is transported from maternal circulation.  In addition, the 

accumulation of amino acids in the reproductive tract increases their physiological 

concentrations due to asymmetrical transport of amino acids by their transporters against 

concentration gradients [205, 206].   
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Amino acids play an important role during embryonic development. Besides 

being substrates for the synthesis of proteins, amino acids are used to synthesize many 

biologically active substances, including NO, polyamines, glutathione, nucleic acids, 

hormones, creatine and neurotransmitters that regulate cell metabolism and play vital 

roles in establishing and maintaining homeostasis [207]. However, the roles of amino 

acids in early embryonic development have not been thoroughly explored. Available 

resultls, mainly from mice and cattle, indicate that amino acids serve a variety of 

functions during early embryo development, including energy sources [172], protein and 

nucleotide precursors [208], osmolytes [209, 210], cell signaling molecules [45], 

protectors against oxidative stress [211] and regulators of pH [212]. 

The amino acid requirements for early embryonic development vary among 

amino acids, day of embryonic development and type of embryo present at a given stage 

of development. In vitro culture of embryos to investigate nutrient requirements for 

embryos at the one-cell to blastocyst stages [212] in pigs [213, 214], cattle [215-219], 

humans [220] and mice [221] revealed differences in net rates of depletion and 

appearance of amino acids among the species. Both trophectoderm and ICM utilize free 

amino acids at different rates in mice [222] and cattle [217]. Trophectoderm cells have 

higher rates of amino acid depletion and amino acid turnover than ICM in mouse 

embryos, but lower rates than ICM in bovine embryos. However, similarities and 

differences among different species can not be ignored.  For example, during the early 

embryonic development of human and pig embryos, glutamine is depleted while Ala, 

Arg, Glu and Asp increase [213, 220].  Among animal models, depletion of Arg and 

release of Ala is a common characteristic regarding amino acid requirements for early 

embryonic development [212].  This may indicate that Glutamine and Arginine have a  
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relatively conserved role in early development of conceptuses.  More interestingly, 

leucine, an essential amino acid for mammals, is depleted in cultures of human and 

mouse embryos, but released into culture medium by embryos from pigs [213, 220, 221].  

However, amino acid requirements during the peri-implantation period of pregnancy in 

domestic animals are unknown. 

 

Amino Acid Transporters  

 

Little is known about mechanisms whereby amino acids nourish peri-

implantation conceptuses, but different amino acid transporters have been reported for 

mouse embryos at different stages of development to the blastocyst stage [223]. Mouse 

and human blastocysts express at least 14 amino acid transporters [44], which belong to 

different families based on substrate specificity, transport capacity, kinetic characteristic 

and hormonal regulation [27].  The amino acids transporters in the placenta are classified 

according to their structure and preference for substrate [27] as summarized in Table 2.2.  

Among these transporters, the ASC and N systems preferentially transport Gln and other 

neutral amino acids, the L system (LAT1-4) prefers branched-chain amino acids, the 

XAG
- system mainly transports glutamate and aspartate, and the y+L and y+ transporters 

prefer Arg and Lys [27, 224-227].  However, the preference for certain amino acid 

substrates may vary according to the conditions under which the amino acid transporter 

works, which make categorization of these transporters and study on their functions 

complicated. 
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TABLE 2.2.  Classes of amino acid  transporters identified in human placentae. 
 

Group System Gene Associated Protein Substrate 

A SLC38A1,2,4 SNAT-1,2,4 Ala, Ser, Pro, Gln,  

ASC SLC1A4, SLC1A5 
 

ASCT-1,2 Ala, Ser, Cys 

asc SLC7A10 Asc-1,2 Small neutral AA(including Ala, Ser and Cys) 

B0 ATB0 ATB0 Most neutral AA( including Val, Leu, Ile) 

b0,+ SLC3A1 b0,+/rBAT Neutral AA ( including Leu) 

L SLC7A5, SLC7A8 LAT-1,2/4F2hc Leu, Ile, Val, Trp, Phe, Met, Tyr, Gln   

N SLC38A6 SN1 Gln, Asn 

Neutral amino 
acid transporter 

Gly SLC6A9 GLYT1 Gly, Sarcosine 

 � SLC6A6 TAUT �-AA (including Taurine) 

ASC SLC1A4, SLC1A5 ASCT-1,2 Acidic AA Acidic amino acid 
transporters XAG

- SLC1A3, SLC1A2, 
SLC1A1 

EAAT-1,2,3 Glu, Asp 

y+L SLC7A7, SLC7A6 y+LAT-1,2 Arg, Lys 

y+ SLC7A1,SLC7A2, 
SLC7A3, SLC7A4 

CAT-1-4 Arg, Lys 

b0,+ SLC3A1 b0,+/rBAT Arg, Lys 

Cationic amino 
acid transporters 

N SLC38A6 SN1 His 

                                     The information in this table is based on information from the literature [see 9,14]. 
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Amino acid exchangers, another type of amino acid transporters, can alter the 

composition of amino acids in intra- and extracellular pools of amino acids [228], 

possibly determining composition of amino acids in fetal plasma and fetal fluids [229].  

Amino acid transporters have novel functions in physiology [230].  For example, 

SLC1A5 (ASCT2) functions as the binding protein for syncytin and mediates 

cytotrophoblast fusion during placental morphogenesis [231]. Interestingly, SLC1A5, 

SLC7A5 (LAT1) and 4F2hc [SLC3A2, solute carrier family 3 (activators of dibasic and 

neutral amino acid transport), member 2] have been linked to FRAP1 in different cell 

lines [232-234].  The expression of these transporters is up-regulated by FRAP1 activity 

[232-234]. Human placental FRAP1 cell signaling regulates activities of L-amino acid 

transporters [235]; therefore, down-regulation of FRAP1 activity [235] and impaired L-

amino acid transporter may restricted fetal growth [236]. Based on the well-established 

stimulatory effect of Gln and Leu on FRAP1 activity, a reciprocal regulatory connection 

between FRAP1 and amino acid transporters has been proposed  [230].  

Among the amino acid transporters, SLC6A14 (System B0,+) has a unique 

potential role in conceptus development and long-term developmental consequence 

through adulthood [23].  Leucine-selective SLC6A14 is considered to control uptake of 

Leu and Arg that induce mTOR signaling critical to conceptus development [10, 44].  

SLC6A14 also transports Gln by mouse embryos [16, 17] with more capacity to do so 

than any other transporter system for Gln [18].  SLC6A14 is Na+ and Cl+ dependent [19] 

and regulated by Na+ in uterine secretions.  Estrogen-induced increases in Na+ in uterine 

secretions stimulate Na+-dependent Leu uptake [41] while GH and epidermal growth 

factor enhance Gln uptake by SLC6A14 in enterocytes [237].  At present, regulation of 

expression of amino acid transporters in peri-implantation conceptuses of sheep and/or 

other domestic animals has not been reported.  
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Metabolism of Glutamine, Arginine, and Proline 

 

To date, little is known about the amino acid metabolism during development of 

ovine conceptuses.  In ovine fetuses, however, Gln may be synthesized from branched-

chain amino acids (BCAA) including isoleucine (Ile), Leu, and valine (Val) by BCAA 

transaminase in the placenta [238].  Glutamine metabolism provides reducing 

equivalents for energy production in ovine [239] and bovine [240] conceptuses, possibly 

to compensate for glucose metabolism [173].  In addition, gln is essential for the 

synthesis of nucleotides, NAD(P)+, and aminosugars (glucosamine-6-phosphate, UDP-N-

acetylgalactosamine, and UDP-N-acetylglucosamine), and a precursor for synthesis of all 

macromolecules containing amino sugars [100, 241].  Glutamine can be converted into 

citulline, the precursor of Arg, in ovine placentae [242] and inhibit NO production from 

Arg [243]; therefore, Gln and Arg may be linked in the the process of catabolism.    

Arginine is an essential amino acid for fetal-placental growth and development 

[89] due to its roles in nitric oxide signaling and polyamine synthesis [244], and insulin 

secretion for insulin-mediated anabolic effects [90, 245]. NO is a major regulator of 

angiogenesis [246] and utero-placental-fetal blood flow which determines rates of 

transfer of nutrients and oxygen from the mother to fetus [93].  Polyamines are essential 

for DNA and protein synthesis, as well as proliferation and differentiation of cells [95].  

In addition, arginine regulates key metabolic pathways critical for nutrient utilization 

and protein deposition through FRAP1 and NO cell signaling pathways [10, 44, 245].  

A direct study of Arg metabolism in ovine conceptuses has not been conducted, 

but studies of Arg metabolism in other tissues and organs of other species (including 

pigs, sheep and rats) indicate that citrulline, the precursor of Arg, is synthesized from 

Gln, Glu, and Pro in mitochondria of enterocytes, released from the small intestine and 

taken up primarily by kidneys for Arg production [45].  However, this synthetic pathway 

is absent from uteri, placenta and endometria of sheep [247].   Therefore, arginine in 

uterine fluid must be derived from maternal blood and/or tissue fluid via transport 

through the vascular endothelium and uterine epithelia.  In human placenta, Arg 
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transport by cells involves the system y+ (a high-affinity, Na+-independent transporter) 

and Na-dependent transporters (e.g., b0,+, B0,+, and y+L) in a cell-specific manner [27].  

In the rodent model, a unique amino acid transporter, SLC6A14, plays an important role 

in embryonic development with long-term consequences in adults [23].  Degradation of 

Arg occurs via multiple pathways initiated by arginase, nitric oxide synthase, 

arginine:glycine amidinotransferase and Arg decarboxylase.   These pathways produce 

nitric oxide, polyamines, proline, glutamate, creatine and agmatine with each having 

enormous biological importance [45, 248].  The biosynthetic pathway for NO and 

polyamines from Arg is summarized in Fig. 2.2.  However, their roles in the conceptus 

development and underlying mechanism have not been elucidated.  The proposed 

pathway in trophectoderm motility activated by Arg and Leu is schematically shown in 

Fig. 2.5 [44].   

Little is known about proline metabolism and function in the conceptuses; 

however, supplemental proline was recently proposed to be a potential treatment for 

intrauterine growth restriction [247].  Ovine placentae have a high capacity for proline 

catabolism and polyamine production as proline is synthesized from pyrroline-5-

carboxylate (P5C) by cytosolic NAD(P)H)-dependent P5C reductase and P5C mainly 

from ornithine and glutamate [45, 247], but Arg can also be converted into proline in 

ovine placentae [105].  Proline is a major substrate for polyamine synthesis via proline 

oxidase, ornithine aminotransferase and ornithine decarboxylase in placentae.  Proline 

can be converted into ornithine which is is converted into putrescine, spermidine and 

spermine via ornithine decarboxylase (ODC), spermidine synthase and spermine 

synthase, respectively in the cytosol [47].  In addition, allantoic and amniotic fluids 

contain enzymes to convert proline into ornithine for delivery into the circulation of the 

conceptus [105]. 
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FIG. 2.5.  Proposed mechanisms by which Arg and Leu regulate trophectoderm motility.  Leu is taken up 
via transport System B0,+ in trohphectoderm cells.  Intracellular Leu stimulates FRAP1 cell signaling to 
promote mRNA translation by phosphorylation of EIF4E/IF4EBP1which releases EIF4E that stimulates 
translation of ODC and IGF2 mRNAs.   Intracellular Leu also stimulates uptake of Arg which is the 
intracellular substrate for arginase to produce ornithine and nitric oxide synthase to produce NO.   IGF2 
increases NOS activity and ODC activity to increase synthesis of polyamines which activates cell motility 
through Rac 1. NO also affects cell motility through the phosphatase Shp2 that may be responsible for cell 
migration in response to SPP1 (Modified from [44, 249]).  
 

Other amino acids play important roles in conceptus development.  For example, 

alanine, and serine, together with Gln, are major glucogenic precursors in humans [241] 

and ewes [250].  Serine also plays an important role in one-carbon unit metabolism 

essential for 2'-deoxythymidylate synthesis and methylation [251]. Serine participates in 

the synthesis of phosphatidylserine and ceramide (signaling molecules) [241].  These 

events are critical for DNA synthesis and consequently, cell proliferation.  Glycine and 

serine are interconvertable via serine hydroxymethyltransferase which also contributes to 
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one-carbon unit metabolism essential for synthesis of purine and pyrimidine nucleotides 

in DNA synthesis and cell proliferation.  Interestingly, glycine is the most abundant 

amino acid in ovine uterine arterial plasma [242] and uterine fluids from cyclic cows 

[165].   

 

FRAP1 Cell Signaling and Its Regulation 

 

Structures of FRAP1 and FRAP1 Complexes 

 

The structure of the FRAP1 protein includes a catalytic domain, toxic domain, 

FRB (FKBP-rapamycin-binding) domain and HEAT repeats domain and it is a member 

of PI3K family of protein kinases which share same catalytic domain proximal to the 

COOH-terminal region. The catalytic domain plays a critical role in phosphorylation of 

target proteins and deletion of this domain blocks downstream events of FRAP1 

activation, finally arresting cell growth and proliferation [11]. The NH2-terminal 

possesses HEAT repeats proposed to mediate proteín-protein interactions and regulate 

FRAP1 activity. The binding site for rapamycin-FKBP12 is located just upstream of the 

catalytic domain in a region referred to as the FRB (FKBP12-rapamycin binding 

domain) [252]. There is a proprosed repressor domain in FRAP1 that negatively 

regulates catalytic activity of FRAP1 and unexpectedly, the identified AKT 

phosphorylation sites are nested within the "repressor domain".  Following deletion of 

this region, FRAP1 kinase activity, in vivo cell signaling increases rather than being 

inhibited [253].  

Two FRAP1 complexes, mTORC1 and mTORC2, exist in mammals and 

constitute a primordial cell signalling network conserved in eukaryotic evolution to 

control the fundamental process of cell growth [254]. These two complexes differ in 

their sensitivity of Rapamycin, components and function [255].  Both mTORC1 and 

mTORC2 contain FRAP1 and the small G�-like protein mLST8.  In addition, mTORC1 

contains raptor, while mTORC2 contains rictor, MAPKAP1 (also known as SIN1, 
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hSIN1, or MIP1) and Protor/PRR5. The relationship between the two mTOR complexes, 

associated regulators and effectors is schematically illustrated in Fig. 2.6.  mTORC1 is 

sensitive to rapamycin and controls cell protein synthesis via its two well-established 

effectors RPS6KB1 and EIF4EBP1.  In contrast,  whether or not mTORC2 is regulated 

by rapamycin is controversial because phosphorylation of rictor is down-regulated by 

rapamycin [256]. Similarly, whether mTORC2 regulates actin cytoskeleton organization 

has not been confirmed due to variable results obtained from experiments using cell line 

and in vivo experiment [13, 254]; however, mTORC2 directly phosphorylates and 

activates AKT/PKB [257] and stimulates AKT/PKB-FOXO and PKC� pathways [13]. 

Overall, mTORC1 regulates temporal aspects of cell growth, while mTORC2 regulates 

spatial aspects of cell growth [258].  

 

FRAP1 Cell Signaling Pathways 

 

The integration of a variety of intracellular and extracellular signals is mediated 

by the complex FRAP1 signaling pathway in which mTOR is the central intracellular 

kinase sensor at the convergence of different signaling pathways.  The mTORC1 

pathway involves the cell signaling pathway shown in Fig.2.7 which is stimulated by 

growth factors and possibly amino acids and other nutrients [259].  In contrast, little is 

known about mTORC2 cell signaling except that it directly phosphorylates and activates 

AKT/PKB [257] and stimulates AKT/PKB-FOXO and PKC� pathways by 

phosphorylating turn motif and/or hydrophobic motif in AKT or PKC� [13, 260].  

Notably, AKT is involved in these two distint pathways; however, the crosstalk between 

these two pathways via AKT does not exist because distinct phosphorylation sites on 

amino acid residues in AKT are utilized in these two pathways [261]. There is evidence 

that Rheb has different effects on mTORC1 and mTORC2 [262], and, although details 

are lacking, Rheb may link these two cell signaling pathways and coordinate their 

distinct functions in response to stimuli.  
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FIG 2.6.  The mTOR complexes (mTORC1 and mTORC2), associated regulators and effectors.  mTORC1 
includes FRAP1, mSLT8 and RAPTOR, and its known effectors include EIF4EBP1 and RPS6KB1 while 
mTORC2 includes FRAP1, mSLT8, RICTOR and MAPKAP1 and its known effector is AKT. Under 
control of the upstream regulators, TSC1/TSC2 complex, GTPase-activating protein regulates conversion 
between GTP and GDP and, therefore, the activity of RHEB.  RHEB-GTP activates FRAP1 in mTORC1 
and possibly mTORC2. 
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FIG. 2.7 mTORC1 associated cell signaling pathway in mammals. Nutrients regulate the FRAP1 cell 
signaling pathway that includes raptor and LST8. Raptor is a scaffolding protein that binds RPS6KB1 and 
EIF4E/EIF4EBP1 through their TOR-signaling (TOS) motifs to facilitate phosphorylation by FRAP1. 
LST8 interacts constitutively with the kinase domain of FRAP1. The right side of this figure indicates the 
tentative pathway that links growth factor–dependent AKT activation through PI3K and PDK1 to 
stimulation of mTOR-dependent responses. TSC1 and TSC2 are negative modulators of the FRAP1 
pathway. The small GTPase RHEB is a direct target of TSC2’s intrinsic GTPase-activating function while 
Rheb•GTP appears to be a positive modulator of FRAP1signaling (modified from [259]). 

 

Regulation of FRAP1 Activity 

 

Mammalian cell growth is regulated by growth factors and the availability of 

nutrients. FRAP1 plays an important role in regulation of cell growth and metabolism in 

response to growth factors and nutritional status to affect biological and physiological 

responses of cells and organs. 
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FRAP1 and Growth Factors.   FRAP1, a member of PI3K family of protein 

kinases, exerts effects on target cells by regulating phosphorylation of target proteins. 

Interestingly, the activity of FRAP1 is also regulated by phosphorylation by other 

protein kinase. Many growth factors, among which insulin is well-studied, can activate 

PI3K which phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to produce IP3 

which acts as a classical second messenger in transmitting a growth factor signal. As 

downstream target proteins, PDK1 (3-phosphoinositide-dependent protein kinase 1) and 

PKB (known as AKT) bind IP3, resulting in phosphorylation of AKT by PDK1. The 

pathway by which AKT activates FRAP1 is via direct phosphorylation and inhibition of 

tuberous sclerosis complex 2 (TSC2), which is a negative regulator of FRAP1 [34]. AKT 

also directly phosphorylates mTOR and activates FRAP1 at certain phosphorylation 

sites, through mTORC2 [261]. As a result, activities of RPS6KB1 and EIF4EBP1 are 

linked to activation of FRAP1.  

An important phosphorylation site in FRAP1 is Ser2448, the AKT 

phosphorylation site. This PI3K/AKT is responsive to insulin, amino acid availability 

and intracellular ATP levels [263-265]. Insulin binds to its receptor in cell membranes 

and activates PI3K, initiating the PI3K/AKT pathway leading to activation of FRAP1 

[263].  However, phosphorylation of Ser2448 is not required for FRAP1 kinase activity, 

because deletion of amino acids 2430–2450 in FRAP1, significantly increased both the 

basal protein kinase activity and in vivo signaling functions of FRAP1 [253].  

Considering that the PI3K/ATK pathway is the classical pathway by which FRAP1 

kinase activity is regulated, this phenomenon is controversial because the mechanism for 

fine tuning FRAP1 activation is not known. It is possible that FRAP1 activity is 

regulated by different mechanisms; even upstream regulators of PI3K/ATK may utilize 

mechanisms other than phosphorylation of Ser2448. In fact, it has been reported that 

AKT regulates intracellular ATP levels and that AKT is a negative regulator of AMP-

activated protein kinase (AMPK) which is an activator of TSC2 [34]. Another 

phosphorylation site is Thr2446 in FRAP1, which can lead to partial activation of 

FRAP1 by AKT in human embryonic kidney cells in vitro [253].  However, little is 
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known about other protein kinases which target this phosphorylation site.  As for the 

activation of FRAP1 by PI3K/AKT, there are at least two independent downstream 

pathways mediated by AKT; AKT-mediated phosphorylation of TSC2 and inhibition of 

AMPK-mediated phosphorylation of TSC2. The former is mainly utilized by insulin and 

other growth factors, while the latter is recruited in response to cellular energy based on 

AMP/ATP ratio and AMPK activity.  One positive feedback loop may exist between 

mTOR and IGF2 involving translation of one mature transcript of IGF2 in exponentially 

growing cells that is upregulated by the RPS6KB1 kinase signaling pathway which is 

under the control of FRAP1 [35].  IGF2 exerts its biological effects predominantly by 

binding to the IGF1 receptor [38]. Activation of IGF receptors leads to activation of 

FRAP1 via the PI3K/AKT pathway, followed by activation of RPS6KB1 and increased 

expression of IGF2. This hypothesis is supported by findings that IGF2 promotes cell 

growth by an autocrine mechanism [38, 40]. 

FRAP1 and Nutrients.   FRAP1 can act as a nutrient sensor and regulate cell 

growth under different states of nutrition. It has been found that FRAP1 can act as a 

nutrition sensor in response to nitrogen and carbon sources in yeast and Gln is 

particularly important as a nitrogen source regulating FRAP1 cell signaling.  In 

mammalian cells, the level of amino acids can affect the phosphoration of EIF4EBP1 

and RPS6KB1 [266].  Amino acid deprivation causes rapid dephosphorylation of both 

EIF4EBP1 and RPS6KB1, while supplementation of amino acids can restore the 

phosphorylation of EIF4EBP1 and RPS6KB1.  

The mechanism(s) for amino acid regulation of FRAP1 cell signaling is not clear. 

A potential mechanism is that FRAP1 signaling recognizes uncharged tRNA or senses 

the activity of tRNA synthetases [267].  This prediction is based on evidence that 

manipulations affecting the changes in tRNA block effects of amino acids on FRAP1 in 

lymphoblastoid cell in vitro [268].  Another mechanism, referred to as the amino acid 

alcohol-insensitive mechanism of FRAP1 activation, involves amino acid regulation of 

protein synthesis initiation in skeletal muscle, cardiac muscle and liver that is 

independent of tRNA charging state [267], but details of this putative mechanism have 



 

 

44 

not been described. Another mechanism regulating FRAP1 kinase activity is possibly 

mediated by TSC2, as amino acid depletion causes TSC2 phosphorylation in vivo and 

contributes to activation of TSC2. Overexpression of TSC2 can inhibit amino acid 

induced RPS6KB1 and EIF4EBP1 phosphorylation [266]. Although the mechanism 

whereby TSC2 acts to mediate amino acid regulation of FRAP1 kinase activity is 

unknown, TSC2 is a candidate of mediator for growth factors and nutrients, mainly 

amino acids, as both play a role in regulation of FRAP1 kinase activity, because TSC2 is 

at the intersection of the growth factor stimulated PI3K-AKT pathway and the nutrient 

sensitive AMPK pathway.  

Among the amino acids, the role of Leu in regulating activities of EIF4EBP1 and 

RPS6KB1 via FRAP1 is well established [269, 270].  Removal of amino acids from in 

vitro cell culture media causes a marked increase in amounts of EIF4EBP1 associated 

with eIF4E and loss of eIF4F complexes, while the addition of amino acids enhances 

EIF4EBP1 phosphorylation within minutes. The most effective single amino acid is Leu 

as other amino acids have little or no effect on phosphorylation or dephosphorylation of 

EIF4EBP1. In common with EIF4EBP1, the activity of RPS6KB1 is sensitive to nutrient 

status of cells in vitro, and Leu has a potent capability of regulating kinase activity of 

RPS6KB1 through phosphorylation [270]. However,  the mechanism whereby Leu 

directly regulates FRAP1 kinase activity is not known. It has been proposed that Leu 

modulates FRAP1 function, in part, by regulating mitochondrial function and AMPK 

because it may serve both as a mitochondrial fuel through oxidative carboxylation and as 

an allosteric activator of glutamate dehydrogenase [271].  

Few studies have linked Arg to regulation of  FRAP1 kinase activity, but as for 

Leu in cultured cells, Arg activates RPS6KB1 and EIF4EBP1 phosphorylation in a 

rapamycin-sensitive manner in rat intestinal epithelial cells [24]. The mechanism for L-

arginine induced activation of RPS6KB1 depends on time and concentration of Arg. The 

L-arginine induced activation of RPS6KB1 is inhibited by L-NMMA (NG-monomethyl-

L-arginine) and L-NIO (N-iminoethyl-L-ornithine), which inhibit nitric oxide synthase 

and block the cationic amino acid transporter system y(+). However, the role of Arg in 
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regulating FRAP1 kinase and effects on cell growth and proliferation has not been 

studied in vivo.  

Glutamine is another important regulator of amino acid controlled cell growth 

through the FRAP1 cell signaling pathway.  Glutamine inhibits stimulatory effects of 

Arg, but not Leu on cell hypertrophy via the FRAP1 signaling pathway; however, 

glutamine accelerates cell proliferation and growth via FRAP1 in rat small intestinal 

epithelium [272].  In addition, glutamine is essential for the synthesis of nucleotides and 

amino sugars that are necessary for cell proliferation and differentiation [273].  

Therefore, glutamine may play a unique role in regulating cell growth via different 

mechanisms including the FRAP1 signaling pathway. 

Glucose also stimulates EIF4EBP1 and RPS6KB1 phosphorylation in an FRAP1-

dependent manner and is actually permissive to regulation of the initiation factor 

EIF4EBP1 [24] and RPS6KB1 phosphorylation [25].  D-glucose increases the ability of 

insulin to stimulate phosphorylation of EIF4EBP1 at different sites such as Thr-36, Thr-

45 and Thr-69 and the formation of eIF4F complexes. On the other hand, glucose does 

not allow full activation of RPS6KB1 [24]. However, RPS6KB1 seems to play a role in 

maintenance of glucose homeostasis. In homologous mutant RPS6KB1-/- mice, 

expression of FRAP1 mRNA is not affected by rapamycin, but hypertrophy of cells is 

very limited. These mutant mice show diminished levels of pancreatic insulin, 

hypoinsulinemia and impaired glucose metabolism [25].  Collectively, these results 

indicate that the effect of glucose on phosphorylation of RPS6KB1 is mediated by 

insulin and insulin-initiated cell signaling. Alternatively, glucose may stimulate FRAP1 

activation via glutamine-fructose-6-phosphate aminotransferase and UDP-

galactosyltransferase to affect trophectoderm cell proliferation [26], but details on this 

pathway are lacking.  

The regulation of FRAP1 kinase activity by amino acids and glucose may be 

different. Depletion of ATP by blocking glucose oxidation inhibits RPS6KB1 and 

EIF4EBP1 phosphorylation in a FRAP1–dependent manner [274].  It has been proposed 
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that FRAP1 itself is an ATP sensor and that the FRAP1 pathway is influenced by 

intracellular concentrations of ATP, independent of the abundance of amino acids.   

The lack of clarity concerning the role of FRAP1 in response to changes of 

nutrient availability raises the question of whether FRAP1 or AMPK is the major 

nutrient sensor. Some evidence suggests that FRAP1 is an ATP sensor under 

physiological conditions and intracellular ATP levels can alter FRAP1 kinase activity 

[274].  However, AMP-activated protein kinase (AMPK) cascade is also a sensor of 

cellular energy status  [275]. AMPK responds to changes in cellular ATP:AMP ratio by 

increasing MPK kinase when AMP/ATP ratios are high [276, 277]. The activation of 

AMPK switches on catabolic pathways that generate ATP while turning off pathways 

that utilize ATP.  Besides effects on individual cells, AMPK regulates food intake and 

energy expenditure at the whole body level. It has been suggested that AMPK is the 

major sensor of intracellular energy rather than FRAP1, because intracellular AMP 

concentrations are much lower than for ATP and small changes in AMP affect AMPK 

but not FRAP1 because intracellular ATP concentrations are normally higher than the 

Km of FRAP1 [266]. However, the recent discovery that AMPK regulates FRAP1 

activity by phosphorylating its inhibitory binding protein TSC2 suggests a linkage 

between these two energy sensing pathways with AMPK acting as an upstream negative 

regulator of FRAP1. Therefore, the interaction between AMPK and FRAP1 pathways is 

important for cellular response to energy changes as their different sensitivities to energy 

status provides multiple check-points in maintaining cellular homeostasis.  

FRAP1 Activity and Redox in Cells.  FRAP1 signaling plays a role in maintaining 

redox homeostasis in response to nutrient status [278]. This novel mechanism is 

mediated by raptor-FRAP1 (mTORC1) effector RPS6KB1, which acts as a mediator 

between raptor and FRAP1 and the kinase activity of raptor-mTORC1 complex. In cells 

cultured in vitro, oxidizing agents increase RPS6KB1 phosphorylation and decrease 

sensitivity to nutrient deprivation. On the contrary, treatment of cell with reducing 

reagents inhibits RPS6KB1 phosphorylation and stabilizes the interaction of FRAP1 and 

raptor to mimic the state of the mTORC1 complex under conditions of nutrient-
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deprivation.  This suggests that nutrient supply and deprivation lead to changes in energy 

sources and corresponding changes in metabolic pathways which alter redox changes in 

cells.  The redox status in cells will exert inhibitory or stimulatory effects on the 

enzymes in cells, such as RPS6KB1.  

 

FRAP1 and Embryogenesis  

 

FRAP1 and associated FRAP1 complexes (common names: mTORC1 and 

mTORC2) become functional at the blastocyst stage of conceptus development. To date, 

the role of FRAP1 in embryonic development in vivo has only been investigated in mice. 

It was initially suggested that FRAP1 is not required in embryogenesis until gastrulation 

in mice [279] as mouse embryos have no G1 phase prior to gastrulation, and FRAP1 

regulates the rate of protein translation in response to mitogenic signals to stimulate 

progression of cell cycle from G1 to S phase [280].  However, later research revealed 

that FRAP1 plays an important role in regulating translation of proteins required for 

trophoblast differentiation at the late blastocyst stage [10] when FRAP1, acting as an 

amino acid effector, is permissive for outgrowth of trophoblast in vitro [281].   

The expression of FRAP1 is critical for growth and proliferation in early 

embryos and extraembryonic compartments, and disruption of FRAP1 leads to 

postimplantation lethality [11, 12].  The first FRAP1-deficient mice were generated by 

ethyl-nitroso-urea (ENU) mutagenesis and were hypomorphic. The flat-top mutation 

fetus had many patterning defects, especially in the developing telencephalon and died at 

gestation day 11.5 [279].  Homozygous deletion of FRAP1 gene (FRAP1 -/-) led to 

impaired and then arrested embryonic development at gestation day 5.5 and embryos had 

an abnormal phenotype. The limited level of trophoblast outgrowth [12], impaired cell 

proliferation in embryonic and extraembryoinc compartments [11], and failure of inner 

cell mass proliferation and differentiaiton [12] are likely responsible for early 

postimplantation lethality. These three pioneering studies on in vivo functions of FRAP1 

focused only on FRAP1 and not the differential roles of FRAP1 attributed to its 
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associated complexes, mTORC1 and mTORC2 which were unknown at that time.  

Therefore, embryonic lethality is an overall phenotype of disruption of mTORC1 and 

mTORC2 and specific roles of mTORC1 and mTORC2 in early embryonic development 

need to be elucidated.  

Recently, the in vivo functions of mTORC1 and mTORC2 were investigated by a 

series of knockouts of Raptor, mLST8 [13],  Rictor [13, 14], Mapkap1 [15] genes.  The 

results confirmed that mTORC1 and mTORC2 have distinct functions in the early 

embryonic development.  mTORC1, including raptor, is essential as early as the time of 

implantation, while mTORC2, including rictor, is required at mid-gestation and for 

signaling to AKT-FOXO and PKC�, but not RPS6KB1.  In addition, the stable 

component, mLST8, in both mTORC1 and mTORC2 is required to maintain rictor-

FRAP1, but not raptor-FRAP1 interaction and PKC� and AKT phosphorylation, and not 

cytoskeletal integrity. It has been proposed that mTORC2 regulates actin cytoskeletal 

organization in vivo [15, 282]; however, deletion of mLST8 and Rictor genes did not 

affect actin and microtubule organization [13].  However, mTORC1 is downstream of 

AKT/PKB but not downstream of mTORC2, because the Ser473 phosphorylation by 

mTORC2 on AKT/PKB is not required for AKT/PKB to signal to mTORC1[261].  The 

knockout of Rictor and Mapkap1, like the knockout of Rictor, resulted in embryonic 

lethality, possibly due to the cellular degeneration, including nuclear swelling and 

formation of vacuoles [15] [14].  Therefore, MAPKAP1 and RICTOR may be involved 

in maintaining RICTOR-FRAP1 complex integrity and regulating AKT phosphorylation 

and substrate specificity [15].  

The mechanism by which FRAP1 regulates early embryonic development is 

unknown; however, there is evidence that amino acids regulate trophectoderm 

differentiation in the blastocyst through a FRAP1-depentent pathway [10, 21, 22].  

Amino acid requirements are developmentally regulated and permissive at the early 

blastocyst stage to trophoblast spreading which can be inhibited by rapamycin in mice. 

This suggests that the effect of amino acids on FRAP1 cell signaling is mediated by 

mTORC1 rather than mTORC2. Inhibition of global protein translation with 
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cycloheximide also inhibits amino acid-dependent signals regulating trophoblast 

differentiation [10].  Therefore, amino acids regulate trophectoderm differentiation via 

the classical mTOR-dependent pathway in which amino acids signal and promote 

mRNA translation. 

In summary, the aforementioned literature indicates that select nutrients (glucose, 

Arg, Leu and Gln), glucose and amino acid transporters, FRAP1 signaling pathway and 

its target proteins (NOS, ODC1, and IGF2) compose a complex regulatory network to 

mediate interactions between the maternal uterine environment and conceptus to insure 

its development and survival.  Our working hypothesis is that select nutrients including 

glucose, Leu, Arg and Gln stimulate conceptus development by activating FRAP1 cell 

signaling pathways. The objectives of these studies were to determine: 1) temporal 

changes in quantities of select nutrients in uterine histotroph during the estrous cycle and 

peri-implantation period of pregnancy; 2) temporal and spatial changes in expression of 

glucose transporters and amino acid transporters in ovine uteri and peri-implantation 

conceptuses and effects of progesterone (P4) and interferon tau (IFNT) on their 

expression in ovine uterine endometria; 3) temporal and spatial changes in expression of 

NOS3, NOS2, NOS1, ODC1 and IGF2 in ovine uteri and peri-implantation conceptuses 

and effects of P4 and IFNT on their expression in ovine uterine endometria; 4) temporal 

and spatial changes in expression of FRAP1 complexes, its regulators and effectors in 

ovine uteri and peri-implantation conceptuses and effects of P4 and IFNT on their 

expression in ovine uterine endometria. 
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CHAPTER III 

AMINO ACIDS, GLUCOSE AND IONS IN UTERINE LUMENAL FLUSHINGS 

OF CYCLIC AND PREGNANT EWES* 

 

Introduction 

 

Histotroph, which includes secretions of uterine epithelia and molecules transported 

into the uterine lumen, is a complex mixture of enzymes, growth factors, cytokines, 

lymphokines, hormones, transport proteins and nutrients.  Histotroph is critical for 

growth and development of ovine conceptuses (embryo/fetus and its associated 

membranes) as they undergo morphological transitions from spherical to tubular to 

filamentous forms, as well as differentiation between Days 13 and 16 of pregnancy and 

immediately prior to implantation [136, 154].  In ewes, survival and elongation of the 

conceptus as well as growth of trophectoderm are dependent on uterine secretions [64, 

283], as conceptuses fail to elongate beyond the tubular stage of development in ewes 

lacking uterine glands [284].  Despite the requirement for histotroph for conceptus 

development, little is known about its composition with respect to specific nutrients and 

how they change qualitatively or quantitatively during pregnancy, particularly in sheep 

and other ruminants. 

 Glucose and Gln are major energy sources for conceptuses during development.  

These nutrients can regulate trophoblast cell proliferation and function through the Gln 

fructose-6-phosphate amidotransferase (GFAT)-mediated FKBP12-rapamycin complex-

associated protein 1 (FRAP1, formerly mTOR) signaling pathway [26].  In addition, 

Arg, Gln and Leu may modulate trophectoderm differentiation directly through FRAP1-

dependent cell signaling pathways [10, 44]. Moreover, minerals play a vital role in 

normal conceptus development through enzyme-catalyzed metabolic pathways [285].  

                                                 
* Reprinted with permission from Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in 
the ovine uterine lumen: I. Comparison of amino acids, glucose and ions in uterine fluids from cyclic and 
pregnant ewes. Biol Reprod 2009; 80: 86-93. Copyright 2009 by the Society for the Study of 
Reproduction, Inc. 
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 The present study tested the hypothesis that qualitative and/or quantitative 

changes in glucose, amino acids, and electrolytes in uterine secretions are coordinate 

with conceptus development during the post-hatching and peri-implantation period of 

gestation.  The results are expected to provide a new framework for studies to elucidate 

mechanisms whereby nutrients affect conceptus growth and development during the 

peri-implantation period of pregnancy.  

 

Materials and Methods 

 

Animals  

 

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence 

of vasectomized rams and used in experiments after they had exhibited at least two 

estrous cycles of normal duration (16 to 18 days). All experimental and surgical 

procedures were in compliance with the Guide for the Care and Use of Agricultural 

Animals in Research and Teaching and approved by the Institutional Animal Care and 

Use Committee of Texas A&M University. 

 

Experimental Designs 

 

Experiment 1.  During the 2004-2005 breeding season, ewes were mated to either 

an intact or vasectomized ram when detected in estrus (Day 0) and 12 and 24 h later.  On 

Days 3, 6, 10, 12, 13, 14, 15 or 16 of the estrous cycle and Days 10, 12, 13, 14, 15, or 16 

of pregnancy (n = 4-10 ewes per day and status), uteri were flushed with 20 ml of 10 

mM Tris buffer (pH 7.0) after ewes were subjected to a mid-ventral laparotomy as we 

described previously [286]. Pregnancy was confirmed by the presence of one or more 

morphologically normal conceptuses.  Conceptuses were removed and fixed in fresh 4% 

paraformaldehyde in PBS (pH 7.2).  Uterine flushings were clarified by centrifugation at 
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3000 x g for 15 min at 4oC, and the supernatant was aliquoted and stored at –80°C until 

analyzed.     

Experiment 2.  During the 2006-2007 breeding season, ewes were observed for 

estrus and mated to fertile rams as described for Experiment 1.  On Days 13, 14, 15 and 

16 of pregnancy (n = 5 ewes per day), uteri were flushed with 20 ml of 10 mM Tris 

buffer (pH 7.0) after ewes were subjected to a mid-ventral laparotomy as we described 

previously [286].  Pregnancy was confirmed by the presence of one or more 

morphologically normal conceptus.  The volume of uterine flushing was recorded, and 

the flushing clarified by centrifugation at 3000 x g for 15 min at 4°C.  The supernatant 

fluid was aliquoted and stored at –80°C until analyzed.  The conceptuses were processed 

as for Experiment 1 for use in later studies of nutrient transporters.   

 

Analyses of Glucose, Amino Acids, Glutathione, and Electrolytes in Ovine Uterine 

Flushings 

 

Uterine flushings (0.5 ml) were deproteinized with an equal volume of 1.5M 

HClO4, followed by addition of 0.25 ml of 2M K2CO3 as they are the preferred acid 

and base, respectively, for processing biological samples for analyses of amino acids 

[287], glucose [288] and the processed samples can also be analyzed accurately for total 

glutathione [289]. The extract was then analyzed for glucose using a fluorometric 

method involving hexokinase and glucose-6-phosphate dehydrogenase as described 

previously [290].  Amino acids in the extract were determined by fluorometric HPLC 

methods involving precolumn derivatization with o-phthaldialdehyde as described 

previously [291].  Total glutathione was determined as described for cysteine [291], 

except that the HPLC gradient, consisting of mobile phases A (0.1 mM sodium acetate, 

pH 7.2) and B (methanol) as follows: 0-1 min, 3% B; 1.1-6.5 min, 14% B; 6.6-9.0 min, 

100% B; 9.1-16 min, 3% B.  The integration of chromatographic peaks was performed 

using Millenium-32 Software (Waters, Milford, MA).  Amounts of sodium (Na+), 

potassium (K+) and calcium (Ca2+) in uterine flushings were determined using 
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Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) in the Elemental Analysis 

Laboratory of the Department of Chemistry at Texas A&M University.  

 

Calculations and Statistical Analysis  

 

The total recoverable amount of each nutrient or ion was calculated by 

multiplying concentrations in the uterine flushing by volume of uterine flushing. The 

average volume (14.2 ml) of uterine flushing was used to calculate total amount of 

recoverable nutrient for samples collected in the 2004-2005 breeding season, while the 

recorded volume of each uterine flushing was used to calculate recoverable nutrient and 

electrolyte in samples collected in the 2006-2007 breeding season.  For the 2006-2007 

breeding season, the actual recovery volume was 14.6 ± 0.5 ml.  All quantitative data 

was subjected to least-squares analysis of variance using the General Linear Models 

procedures of the Statistical Analysis System (SAS Institute) to determine effects of day, 

status (pregnant versus cyclic), and their interaction.  Probability values ≤ 0.05 were 

taken to indicate statistical significance.  Data are presented as least squares means 

(LSM) with standard error of the mean (SE). 

 

Results 

 

Recoverable Amounts of Glucose in Uterine Flushings (Experiment 1) 

 

As illustrated in Fig. 3.1, total recoverable glucose in uterine flushings was 

greater for pregnant than cyclic ewes between Days 10 and 16 of pregnancy (day x status, 

P < 0.05).  In cyclic ewes, total glucose in uterine flushings increased between Days 3 

and 13, remained elevated through Day 15 and declined to Day 16 (cubic effect of day, 

P < 0.05).  In pregnant ewes, total glucose in uterine flushings also increased between 

Days 10 and 16 of gestation (quadratic effect of day, P < 0.05).  
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FIG. 3.1. Total recoverable glucose (nmol) in uterine flushings from cyclic and pregnant ewes.   Effects of 
day, pregnancy status and day by pregnancy status were significant (P < 0.05). 

 

 

Recoverable Amounts of Basic and Acidic Amino Acids in Uterine Flushings 

(Experiment 1)  

 

These data are summarized in Table 3.1.  Total recoverable arginine (Arg) (Fig. 

3.2), as well as histidine (His) and lysine (Lys) (Table 3.1) in uterine flushings were 

greater for pregnant than cyclic ewes (day x status, P < 0.05).  In cyclic ewes, total 

amounts of Arg and His increased by 138% and 678%, respectively, between Days 3 and 

14 of gestation, and remained high through Day 16 (cubic effect of day, P < 0.05).  In 

pregnant ewes, total recoverable Arg, His, ornithine (Orn), and Lys increased (linear 

effect of day, P < 0.05) 8-, 22-, 5-, and 28-fold, respectively, between Days 10 and 16.  

Although amounts of Orn were not affected by day or day x status, values were higher 

(status, P < 0.01) for pregnant than cyclic ewes.  Total recoverable aspartic acid (Asp) 
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and glutamic (Glu) acid (Table 3.1) also increased to a greater extent in pregnant than 

cyclic ewes between Days 10 and 16 (day x status, P < 0.05).  For both amino acids, 

there were effects of day of pregnancy (linear effect of day, P < 0.01) and for glutamic 

acid there was an effect of day of the estrous cycle (linear effect of day, P < 0.05).  

 

Recoverable Amounts of Small Neutral Amino Acids in Ovine Uterine Flushings 

(Experiment 1) 

 

Glycine was the most abundant amino acid in uterine flushings from both cyclic 

and pregnant ewes followed by serine (Table 3.2).  Serine was greater in pregnant than 

cyclic ewes (day x status, P < 0.01), and Gly tended to be greater in pregnant than cyclic 

ewes (day x status, P < 0.07).  Within status, effects of day were detected for serine in 

cyclic (cubic, P < 0.05) and pregnant (quadratic, P < 0.05) ewes and for glycine in cyclic 

ewes (quadratic, P < 0.0001).  Day by status interactions were also detected (P < 0.05) 

for asparagine, β-alanine, cysteine and proline (Table 3.2) as values were higher for 

pregnant than cyclic ewes.  Between Days 10 and 16, effects of day were detected for 

asparagine and proline (quadratic, P < 0.05) in both cyclic and pregnant ewes, and there 

was an effect of day for cysteine in pregnant ewes (quadratic, P < 0.05).  Changes 

between Days 10 and 16 for asparagine (23-fold), serine (6.2- fold), and alanine (4.3-

fold) were greatest in uterine flushings from pregnant ewes (linear effect of day, P < 

0.05).  
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TABLE 3.1. Effects of day of the estrous cycle, day of pregnancy and interaction between day and pregnancy status on total recoverable basic and 
acidic amino acids in ovine uterine flushings (nmol; Means ± SEMs). 
 

Basic amino acids  Acidic amino acids Status Day 
His Orn Lys  Asp Glu 

3 (n=4) 9±4 c 34±10 a 33±9 abc  38±4bc 377±66 a 
6 (n=4) 14±4 bc 24±13 ab 27±16 c  47±20 abc 255±50 ab 

10 (n=6) 27±16 bc 21±2 ab 29±5 b  49±6 ab 250±28 ab 
12 (n=5) 37±21 ab 25±7 ab 55±21 ab  66±22 ab 338±167 ab 
13 (n=7) 19±5 bc 18±2 ab 40±6 abc  46±7 ab 240±26 ab 
14 (n=7) 70±24 a 27±5 a 55±11 ab  38±4 bc 252±20 ab 

15 (n=10) 54±26 ab 16±3 b 33±3 abc  34±6 c 209±28 b 

Estrous cycle 

16 (n=4) 25±8 ab 27±1 a 66±18 a  72±10 a 274±35 ab 
10 (n=5) 18±6 v 22±5 w 28±9 v  42±6 w 210±23 w 
12 (n=5) 51±10 v 31±5 vw 70±16 v  78±15 vw 409±88 vw 
13 (n=5) 228±95 u 38±9 uv 113±45 v  141±67 uv 780±331 uvw 
14 (n=7) 359±105 u 109±41 u 503±191 u  416±200 u 2228±1051 u 
15 (n=5) 416±144 u 137±72 uv 813±506 u  218±101 uv 1220±508 uv 

Pregnancy 

16 (n=8) 456±210 u 70±18 uv 422±114 u  247±70 u 1121±433 uv 
Day effect 
 (P value) <0.0001 0.12 <0.0001  0.02 0.02 

Status effect  
(P value) <0.0001 <0.0001 <0.0001  <0.0001 <0.0001 Two-way ANOVA 

Day x Status interaction  
(P value) 0.02 0.07 0.002  0.004 0.02 

Means with different superscript letters (a-e in cyclic ewes and u-w in pregnant ewes) within the same column are different (P < 0.05). 
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FIG. 3.2. Total recoverable arginine (nmol) in uterine flushings from cyclic and pregnant ewes.  Effects of 
day, pregnancy status and day by pregnancy status were significant (P < 0.05). 
 

 

Recoverable Amounts of Large Neutral Amino Acids in Ovine Uterine Flushings 

(Experiment 1) 

 

Total recoverable Gln (Fig. 3.3), Leu (Fig. 3.4), Cit (P < 0.06), Tyr, Trp, Met, 

Val, Phe and Ile (Table 3.3) increased to a greater extend in pregnant than cyclic ewes 

between Days 10 and 16 (day x status, P < 0.05) as values were greater (status effect; P 

< 0.01) for pregnant than cyclic ewes between Days 10 and 16 (P < 0.01) except for 

citrulline (day effect; P = 0.2) and valine (day effect; P = 0.5).  Interestingly, total 

recoverable Gln (Fig. 3.3), Leu (Fig. 3.4), and Ile (Table 3.3) increased (linear, P < 0.05) 

by 20-, 3-, and 14-fold, respectively, between Days 10 and 15 of pregnancy. 
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Table 3.2. Effects of day of the estrous cycle, day of pregnancy and interaction between day and pregnancy status on total recoverable small neutral 
amino acids (� C4) and glutathione in ovine uterine flushings (nmol; Means ± SEMs). 
 

Small neutral amino acids Status Day 
Asn Ser Gly Thr Ala �-Ala Tau Cys Glutathione 

3 (n=4) 11±2 c 33±5 d 640±95 d 54±4 de 182±18 ab 18±2 c 314±55 ab 180±53 a 28±6 ab 
6 (n=4) 13±3 bc 57±10 cd 2679±638 bc 36±5 e 156±40 b 23±3 bc 515±95 a 158±26 a 19±6 bc 

10 (n=6) 21±4 bc 458±51 b 4214±472 ab 251±129 bc 194±37 ab 30±5 bc 216±22 b 108±18 ab 14±3 c 
12 (n=5) 53±24 ab 1172±655 ab 5150±2634 ab 151±76 bcd 428±242 a 33±12 bc 494±221 ab 63±15 b 27±9 bc 
13 (n=7) 49±5 a 631±99 ab 2634±361 b 381±60 a 251±27 ab 58±5 a 327±41 ab 88±12 b 32±6 ab 
14 (n=7) 72±19 a 1416±428 a 4828±808 a 302±57 ab 253±23 a 32±5 b 500±118 a 77±18 b 20±5 bc 

15 (n=10) 36±7 ab 549±128 b 1681±312 c 327±82 ab 228±21 ab 50±5 a 294±41 b 77±9 b 31±4 ab 

Estrous 
cycle 

16 (n=4) 31±8 ab 118±22 c 570±75 d 81±12 cde 281±52 a 12±1 c 200±15 b 118±32 ab 34±4 a 
10 (n=5) 18±7 w 542±267 v 4423±739 u 465±202 wx 178±11 v 26±14 v 172±49 u 119±39 w 19±2 w 
12 (n=5) 84±17 v 1391±210 u 6361±728 u 343±106 x 446±92 u 53±9 u 693±151 u 119±20 w 28±3 w 
13 (n=5) 158±49 uv 1918±518 u 7963±1730 u 2021±737 u 750±336 u 81±30 u 567±162 u 124±22 w 79±22 v 
14 (n=7) 439±182 u 3924±1697 u 8598±2308 u 1457±462 uv 949±246 u 83±31 u 1000±498 u 218±27 uv 81±10 v 
15 (n=5) 395±206 uv 1975±687 u 4678±1669 u 1332±512 uvw 945±395 u 84±30 u 626±325 u 172±28 vw 103±23 uv 

Pregnancy 

16 (n=8) 208±45 uv 1708±494 u 5805±2004 u 758±209 vwx 777±201 u 100±31 u 706±218 u 284±47 u 150±23 u 
Day effect 
(P value) <0.0001 0.001 <0.0001 <0.0001 0.02 0.1 0.08 0.01 <0.0001 

Status effect 
(P value) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.004 0.1 <0.0001 <0.0001 Two-way 

ANOVA 
Day x Status 
interaction 
(P value) 

0.01 0.05 0.07 0.5 0.18 0.007 0.8 0.048 0.02 

  Means with different superscript letters (a-e in cyclic ewes and u-x in pregnant ewes) within the same column are different (P < 0.05). 
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FIG. 3.3. Total recoverable glutamine (nmol) in uterine flushings from cyclic and pregnant ewes.  Effects 
of day, pregnancy status and day by pregnancy status were significant (P < 0.05). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

60 

0

50

100

150

200

250

3 6 10 12 13 14 15 16
DAY

Le
u 

(n
m

ol
)

CYCLIC PREGNANT

 
 
FIG. 3.4. Total recoverable leucine (nmol) in uterine flushings from cyclic and pregnant ewes.  Effects of 
day, pregnancy status and day by pregnancy status were significant (P < 0.05). 
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TABLE 3.3. Effects of day of the estrous cycle, day of pregnancy and interaction between day and pregnancy status on total recoverable large neutral 
amino acids (� C5) in ovine uterine flushings (nmol; Means ± SEMs). 
 

Large neutral amino acids Status Day 
Cit Tyr Trp Met Val Phe Ile Pro 

3 (n=4) 36±13 c 17±4 b 6±2 bc 9±1 c 34±5 cd 14±2 ab 11±1 b 29±3 bc 
6 (n=4) 56±7 abc 29±10 ab 9±3 abc 14±3 abc 524±206 a 20±6 ab 15±8 b 100±21a 

10 (n=6) 58±11 abc 29±3 a 5±1 abc 11±1 bc 187±80 b 16±2 ab 12±2 b 41±14b 
12 (n=5) 105±32 a 40±15 a 10±4 abc 20±6 ab 223±163 ab 24±10 ab 17±6 ab 31±9 bc 
13 (n=7) 64±8 ab 35±3 a 6±1 abc 11±bc 66±11bc 18±2 ab 14±2 ab 21±2 c 
14 (n=7) 94±17 a 41±6 a 10±2 ab 18±3 ab 85±26 bc 23±4 a 15±2 ab 40±4 b 

15 (n=10) 49±5 bc 24±2 ab 4±1 ac 9±1 c 29±3 d 12±1b 9±1 b 8±1 d 

Estrous cycle 

16 (n=4) 48±10 bc 36±9 a 12±3 a 21±6 a 54±13 bcd 24±6 a 26±9 a 26±2 bc 
10 (n=5) 54±5 v 22±5 v 3±1 v 8±2 w 158±103 u 13±4 w 9±3 v 33±2 v 
12 (n=5) 150±13 u 60±7 uv 13±2 u 20±3 vw 159±51 u 98±45 uv 26±4 v 31±3 v 
13 (n=5) 152±37 uv 90±32 uv 19±8 u 32±14 vw 117±39 u 60±25 vw 45±18 u 46±2 u 
14 (n=7) 163±46 uv 150±59 u 41±16 u 76±31 uv 366±169 u 287±104 u 112±51 u 56±12 u 
15 (n=4) 352±166 u 161±77 u 42±23 u 106±62 uv 333±178 u 119±63 uv 131±72 u 50±5 u 

Pregnancy 

16 (n=8) 227±80 u 155±46 u 40±11 u 76±24 u 228±54 u 430±90 u 72±17 u 35±3 v 
Day effect 
(P value) 0.2 0.01 <0.0001 <0.0001 0.5 0.01 0.001 <0.0001 

Status effect 
(P value) <0.0001 <0.0001 <0.0001 <0.0001 0.002 <0.0001 <0.0001 <0.0001 Two-way ANOVA 

Day x Status interaction 
(P value) 0.06 0.03 0.02 0.01 0.02 0.03 0.003 <0.0001 

Means with different superscript letters (a-d in cyclic ewes and u-x in pregnant ewes) within the same column are different (P < 0.05). 
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Recoverable Amounts of Electrolytes in Ovine Uterine Flushings (Experiment 1) 

 

A day x status interaction was detected (P < 0.05) for total recoverable Ca2+ and 

Na+ in the ovine uterine flushings and there was a similar trend (P < 0.07) for K+ (Table 

3.4). Values were higher (status effect; P < 0.01) for pregnant than cyclic ewes and there 

were effects of day (P < 0.05) within each status. There were also effects of day for Ca2+ 

in cyclic and pregnant ewes (P < 0.05; quadratic), for Na+ in cyclic (P < 0.05; quadratic) 

and pregnant ewes (P < 0.05; linear), and for K+ in cyclic (P < 0.01; cubic) and pregnant 

ewes (P < 0.05; quadratic). In uterine flushings from pregnant ewes, total amounts of 

Ca2+, Na+, and K+ increased (P < 0.05) by 3-, 3-, and 4-fold, respectively, between Days 

10 and 14 (Table 3.4) after which time only K+ decreased. 

 

Recoverable Amounts of Glutathione in Ovine Uterine Flushings (Experiment 1) 

 

Total recoverable glutathione in uterine flushings was greater in pregnant than 

cyclic ewes on Days 10 to 16 (day x status, P = 0.02) (Table 3.2).  Total glutathione in 

uterine flushings from pregnant ewes increased 7-fold between Days 10 and 16 (P < 

0.01). 

 

Recoverable Amounts of Nutrients in Ovine Uterine Flushings During the Peri-

implantation Period of Pregnancy (Experiment 2) 

 

To confirm and extend results from Experiment 1, Experiment 2 focused on 

changes in glucose, amino acids and electrolytes during the peri-implantation period of 

pregnancy.  The data are summarized in Table 3.5.  The effects of day of gestation on 

changes in total recoverable amino acids, glutathione, and glucose in Experiment 2 were 

consistent with those for Experiment 1.  Except for changes in taurine and K+, values for 

glucose, glutathione, amino acids, Ca2+ and Na+ increased between Days 13 and 16 of 

pregnancy. 
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TABLE  3.4. Effects of day of the estrous cycle, day of pregnancy and interaction between day and pregnancy status on total recoverable electrolytes in 
ovine uterine flushings (mmol; Means ± SEMs). 
 

Electrolytes 
Status Day 

Ca2+ Na+ K+ 

3 (n=4) 
0.64±0.17 b 41.3±12.9 a 8.13±3.79 d 

6 (n=4) 0.73±0.26 b 9.60±2.39 abc 2.12±0.46 e 
10 (n=6) 1.83±0.55a 18.6±3.71 ab 21.53±2.63 ab 
12 (n=5) 0.24±0.06 c 4.69±1.85 bc 16.48±1.09 bcd 
13 (n=7) 0.75±0.14 b 20.15±4.61 ab 25.24±2.89 a 
14 (n=7) 0.46±0.05 bc 19.76±1.19 ab 33.09±6.56 a 

15 (n=10) 0.38±0.09 bc 17.44±5.27 c 20.07±4.64 abc 

Estrous cycle 

16 (n=4) 0.55±0.14 bc 19.59±4.12 a 9.60±0.98 cd 
10 (n=5) 

0.39±0.14 w 7.01±1.46 w 20.78±1.24 x 
12 (n=5) 0.65±0.06 vw 10.13±1.68 vw 39.82±6.16 wx 
13 (n=5) 0.88±0.12 uv 20.93±3.39 uv 63.04±10.60 u 
14 (n=7) 1.47±0.29 u 29.80±5.73 u 97.03±27.81 u 
15 (n=5) 1.28±0.25 uv 40.27±17.61 u 54.00±12.22 uvw 

Pregnancy 

16 (n=8) 1.29±0.37 uv 51.91±18.45 u 51.40±9.28 vw 

Day effect 
(P value) <0.05 <0.05 <0.01 

Status effect 
(P value) <0.001 <0.05 <0.0001 

Two-way ANOVA 

Day x Status interaction 
(P value) <0.0001 <0.05 0.07 

        Means with different superscript letters (a-d in cyclic ewes and u-x in pregnant ewes) within the same column are different (P < 0.05). 
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TABLE 3.5. Recoverable glucose, amino acids, ions and gluthaione in uterine flushings from pregnant ewes (nmol: Means ±SEMs). 
 

Day of pregnancy One -way ANOVA Components 
13 (n=10) 14 (n=9) 15 (n=8) 16(n=9) Day effect (P value) 

glucose 1096±196 c 1881±306 b 2958±438 a 2895±333 a <.0001 
Asp 86±21 d 182±49 c 323±45 b 670±99 a <.0001 
Glu 501±117 c 987±235 b 1759±203 a 1889±140 a <.0001 
Asn 89±18 c 193±43 b 443±47 a 463±44 a <.0001 
Ser 891±139 b 1224±214 b 2172±320 a 1039±171 b 0.002 
Gln 310±23 c 451±71 b 1209±94 a 1352±121 a <.0001 
His 54±9 c 131±32 b 312±33 a 430±45 a <.0001 
Gly 4570±610 a 4731±752 a 6033±1168 a 2542±408 b 0.005 
Thr 237±44 c 506±113 b 1027±160 a 683±76 ab <.0001 
Cit 103±19 b 164±43 b 394±51 a 309±34 a <.0001 
Arg 64±7 c 121±31 b 459±50 a 804±71 a <.0001 
�-Ala 43±5 b 53±8 b 93±11 a 110±15 a <.0001 
Tau 501±61 a 565±122 a 699±141 a 434±74 a 0.35 
Ala 402±50 c 660±114 b 1252±72 a 1060±106 a <.0001 
Tyr 41±5 c 77±15 b 183±22 a 273±23 a <.0001 
Trp 13±1 c 28±6 b 56±8 a 69±5 a <.0001 
Met 14±2 d 41±11 c 117±19 b 212±19 a <.0001 
Val 61±9 c 147±36 b 313±41 a 348±22 a <.0001 
Phe 25±3 d 57±13 c 153±25 b 273±29 a <.0001 
Ile 26±4 d 55±13 c 132±17 b 151±10 a <.0001 
Leu 40±4 c 70±11 b 222±25 a 273±21 a <.0001 
Orn 62±5 b 81±10 b 144±14 a 172±13 a <.0001 
Lys 82±21 d 262±85 c 780±95 b 1511±158 a <.0001 
Cys 39±6 c 86±17 b 136±16 a 118±16 ab 0.0002 
Pro 24±4 a 30±6 a 14±1 b 22±2 ab 0.04 
Glutathione 35±4 c 106±37 b 159±21 a 226±28 a <.0001 
Ca2+ 830±118 c 901±85 bc 1298±172 b 2031±252 a <.0001 
Na+ 20782±3839 c 23091±3881 c 38948±5508 b 76951±10598 a <.0001 
K+ 49194±4167 b 54851±7890 ab 69536±9355 a 50114±4749 ab 0.15 

Means with different superscript letters (a-s) within the same row are different (P < 0.05). 
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Discussion 

 

Histotroph supports conceptus survival and development during the critical peri-

implantation period of pregnancy in mammals [136, 154].  In the present study, the 

amounts of glucose, amino acids, glutathione and electrolytes increased preferentially in 

uterine flushings of pregnant ewes.  Available evidence indicates that nutritional 

deficiencies during early pregnancy have serious effects on the outcome of pregnancy [5, 

136, 154, 197], as well as postnatal growth and health [89].  However, changes in 

composition of uterine fluid with respect to specific nutrients such as glucose and amino 

acids during gestation and the significance of these nutrients are largely unknown [244].  

This is the first report of changes in glucose, amino acids, glutathione and electrolytes in 

uterine flushings of ewes during the estrous cycle and peri-implantation period of 

pregnancy.   

In this present study, total amounts of nutrients and electrolytes in uterine fluids 

are reported rather than concentrations in uterine flushings because a method has not 

been developed to estimate actual amounts of fluid in the uterine lumen due to rapid 

exchange of water, based on experiments with tritiated water, across the uterine 

endometrium during the process of flushing the uterus (F. W. Bazer, unpublished data). 

Moreover, there were more sampling times in the present experiments than reported for 

studies of bovine oviductal and uterine fluids [292].  Thus, our findings reflect dynamic 

changes in amounts of nutrients in the uterine lumen of cyclic and pregnant ewes.  

Results from Experiments 1 and 2 were consistent in indicating significant increases in 

amounts of these selected nutrients in the uterine lumen that were coordinate with rapid 

growth, development and elongation of conceptuses between Days 12 and 16 of 

pregnancy.  These changes in recoverable nutrients were greater in pregnant than cyclic 

ewes which indicates that mechanisms for transport of these nutrients into the uterine 

lumen are likely influenced by regulatory molecules from conceptuses that, in turn, 

require these nutrients for successful development and implantation.  
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Glucose, a major metabolic fuel for conceptuses [292], increased in the uterine 

lumen during early pregnancy to support conceptus demands for energy. Assuming that 

the volume of ovine uterine fluid between Days 10 and 16 of gestation is approximately 

1 ml (F.W. Bazer, unpublished observations), concentrations of glucose in ovine uterine 

lumenal fluids range from 1 and 3 mM which is consistent with reports from studies of 

other mammals [162].  Concentrations of 2 to 3 mM glucose in uterine fluid are within 

the range of those in plasma of blood taken from the uterine artery and uterine vein of 

pregnant ewes (F.W. Bazer, unpublished data).  Optimal utilization of glucose during the 

peri-imlantation period is critical for survival of conceptuses [171].  During implantation, 

glucose [176], rather than pyruvate [173], is the primary energy source for ovine 

conceptuses and utilization of glucose increases progressively between Days 13 and 19 

of pregnancy [175].  Glucose in oviductal and uterine fluids is made available to 

conceptuses by glucose transporters present in conceptuses at all stages of development 

[171].  Interestingly, in sheep embryos, but not extraembryonic tissues, both glucose 

oxidation and glycolysis peak on Day 15 of pregnancy [175], which is coincident with 

the greatest availability of glucose in the ovine uterus (see Fig. 3.1 and Table 3.5).  

Similarly, total glucose in uterine flushings is greater in pregnant than cyclic pigs, and 

increases after Day 12 are associated with blastocyst elongation and formation of a 

filamentous conceptus [180].  

Glucose can be utilized by conceptuses to form glycogen, nucleic acids, proteins 

and lipids, and incorporation of glucose into these molecules increases during the peri-

implantation period. However, in sheep conceptuses, very little glucose is incorporated 

into glycogen between Days 13 and 19 of pregnancy [175].  The transformation of 

glucose into other molecules may contribute to alleviating detrimental effects of glucose 

on embryonic development caused by the Crabtree effect, perhaps due to accelerated 

glycolysis [293].  Also, metabolism of glucose via the pentose cycle generates NADPH 

required for production of nitric oxide (NO) for oxidative defense and ribose-5-

phosphate for nucleotide synthesis.  Glucose can also regulate trophoblast cell growth 

and proliferation through the glutamine fructose-6-phosphate amidotransferase (GFAT)-
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mediated FRAP1 cell signaling pathway [26].  Glucosamine-6-phosphate is required for 

the synthesis of all glycoproteins including membrane receptors.   

Arginine, Gln and Leu in the ovine uterine lumen increased markedly during 

early pregnancy, compared to changes in cyclic ewes (Figs. 3.2, 3.3, 3.4).  

Concentrations of these amino acids in uterine fluids (0.46-0.80 mM Arg, 1.2-1.4 mM 

Gln, 0.22-0.30 mM Leu on Days 15 and 16 of gestation) are much greater than those in 

maternal plasma [242].  Remarkably, amounts of Arg, Gln and Leu were 7-, 6- and 5-

fold greater, respectively, in ovine uterine flushings from Day 15 of pregnancy, 

compared to values for cyclic ewes.  Additionally, the amounts of these amino acids 

increased between Days 10 and 16 of gestation (Figs. 3.2, 3.3, 3.4) coincidentally with 

rapid growth and development of conceptuses during the peri-implantation period.  

These three amino acids likely play crucial roles in embryonic survival and 

development.  First, they are abundant amino acids in cells and tissues.  Second, 

differential effects of Leu, Arg and Gln on hypertrophy and hyperplasia of cells may be 

important for peri-implantation conceptus development.  Leucine, Gln and Arg can 

stimulate FRAP1 cell signaling to activate its target protein kinase, p70S6, to induce cell 

proliferation [89].  The cellular responses include hyperplasia and hypertrophy for 

conceptus elongation in ruminants [5].  Third, motility and outgrowth of trophectoderm 

required for implantation can be stimulated by Leu and Arg via the FRAP1 cell signaling 

in mice [10, 44] and sheep (J. Kim and F. W. Bazer, unpublished data). Fourth, 

glutamine metabolism can provide reducing equivalents for energy production by ovine 

embryos, trophoblast and yolk sac [239, 240], possibly to compensate for glucose 

metabolism [173].  Finally, Arg is nutritionally essential for fetal-placental growth and 

development via its role in nitric oxide signaling and polyamine synthesis [244], as well 

as insulin secretion and insulin-mediated anabolic effects [90, 245, 294].  

An important finding in the present study was that glycine, serine and glutamic 

acid are the most abundant amino acids in uterine flushings from both cyclic and 

pregnant ewes (Table 3.2). Glycine and serine are interconvertable via serine 

hydroxymethyltransferase which contributes to one-carbon unit metabolism that is 
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essential to DNA synthesis and cell proliferation. Interestingly, glycine is also the most 

abundant amino acid in ovine uterine arterial plasma [242] and uterine fluids from cyclic 

cows [165].  However, unlike bovine uterine fluid, changes in glycine in ovine uterine 

fluids were affected by day of pregnancy (Table 3.2).  This may be a species difference 

or a result of the frequency of sampling during the estrous cycle.  Although the amount 

of glutamate in uterine fluids of cyclic ewes was consistently low, it increased 10-fold 

between Days 10 and 14 of pregnancy, and remained elevated thereafter.  Glutamate 

may serve as an osmolyte and an energy source for conceptuses [295].  In addition, 

glutamate, along with glycine and cysteine, are important for the synthesis of 

glutathione.  Glutathione is the most abundant antioxidant in cells, as well as a key 

regulator of DNA synthesis, gene expression, and signal transduction [296]. 

Accordingly, with rapid conceptus growth during early pregnancy, total glutathione in 

the uterine lumen of pregnant ewes increased 7-fold between Days 10 and 16 (Table 

3.2).  To our knowledge, this is the first report of changes in concentrations of 

glutathione in uterine fluids of any cyclic or pregnant mammal.    

Total amounts of Ca2+, Na+ and K+ in ovine uterine fluids were quantified 

because of their importance to normal conceptus development.  These minerals serve as 

osmolytes, but also participate in transport of amino acids and glucose by cells, enzyme-

catalyzed metabolic pathways, and cell signaling events during pregnancy [285].  

Therefore, they are crucial to blastocyst expansion [297] and implantation [298].  As in 

plasma and other extracellular fluids, Na+ and K+ are more abundant than Ca2+ in uterine 

fluids of both cyclic and pregnant ewes.  In the present study, total amounts of Ca2+ and 

Na+ were greater in uterine fluids of pregnant than cyclic ewes, but values for K+ were 

not affected by pregnancy (Table 3.4).  These findings are consistent with limited 

knowledge of ions in fluids of the reproductive tract.  In bovine uterine fluid from the 

estrous cycle, Na+ and K+ are present at high concentrations, whereas concentrations of 

Ca2+ are lower [299].  Additionally, total amounts of Ca2+ and K+, but not Na+, in uterine 

fluids of cyclic ewes, were affected by both day of cycle and pregnancy.  In contrast, an 

effect of day for Na+ and K+, but not Ca2+ was reported for cyclic cows [299].  This 
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difference may also be due to differences among species or the frequency of sampling 

during the estrous cycle.  Fluctuations in concentrations of Ca2+ may be caused by 

activities of different calcium transporters in uteri which respond differentially to 

progesterone and estradiol during the estrous cycle in rats [300, 301].  The fluctuations 

in Na+ and K+ in uterine fluids can also be regulated by reproductive hormones 

(including estrogen and prolactin) and pregnancy status in pigs [302, 303], but the 

underlying mechanisms are unknown.   

In conclusion, using the ovine model, this is the first report of effects of 

pregnancy status, day of gestation and day of the estrous cycle on changes in amounts of 

recoverable nutrients (glucose, amino acids, glutathione, and minerals) in the ovine 

uterine luminal fluids. These novel findings provide a new framework for studies of 

crucial roles for nutrients in conceptus growth, development and survival during the 

peri-implantation period of pregnancy.  Additionally, these results are expected to aid in 

optimizing concentrations of nutrients in culture media used in studies of in vitro 

fertilization and embryonic development.  
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CHAPTER IV 

GLUCOSE TRANSPORTERS IN OVINE UTERI AND PERI-IMPLANTATION 

CONCEPTUSES∗∗∗∗ 

 

Introduction 

 

Glucose, a major nutrient for conceptuses (embryos and associated membranes) 

and cells of the uterus [168], is delivered into the uterine lumen by glucose transporters 

[169, 170] as neither conceptuses or uterine endometrium carry out gluconeogenesis.  

Transport of glucose from the maternal circulation into the uterine lumen is essential for 

pregnancy [304].  Glucose can also enhance trophoblast cell growth and proliferation by 

activating the glutamine:fructose-6-phosphate amidotransferase (GFAT)-mediated 

FK506 binding protein 12-rapamycin associated protein 1 (FRAP1, formerly mTOR) 

signaling pathway [26].  Accordingly, total glucose in uterine lumenal fluid increased 6-

fold between Days 10 and 15 of gestation in ewes [305] in association with rapid 

blastocyst growth and development from spherical, to tubular and filamentous 

conceptuses [64].  

Transport of glucose across the plasma membrane can be mediated by one or 

more members of two distinct families of glucose transporters: facilitative transporters 

(solute carriers SLC2A; common name is GLUT) and sodium-dependent transporters 

(sodium/glucose cotransporters SLC5A, common name SGLT) [183].  Facilitative 

glucose transporters are present in developing conceptuses and 13 family members 

[SLC2A1-SLC2A12 and the H+-coupled myo-inositol-transporter (HMIT)] have, based 

on order of discovery, been reported.  Most of these are expressed in preimplantation 

blastocysts, although it is uncertain whether SLC2A2 and SLC2A4 are expressed in 

preimplantation blastocysts [171].  The solute carrier family 2 (facilitated glucose 

                                                 
∗ Reprinted with permission from Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in 
the ovine uterine lumen: II. Glucose transporters in the uterus and peri-implantation conceptuses.  Biol 
Reprod 2009; 80: 94-104. Copyright 2009 by the Society for the Study of Reproduction, Inc. 
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transporter) member 1 (SLC2A1) may be important for transporting glucose into the 

mouse uterus and conceptuses [29].  Because of its ubiquitous nature in humans [30] and 

high abundance in peri-implantation bovine conceptuses [31],  SLC2A3 plays a critical 

role in embryonic development, which cannot be compensated for by overexpression of 

SLC2A1 [306].  SLC2A3 has a low Km (the concentration of glucose at which there is 

half maximal rate of transport) value for glucose [307] and exhibits polarized expression 

in compaction stage embryos [29].  SLC2A4 has been identified in trophectoderm and 

endoderm of bovine [31], rabbit, rat and murine [171] blastocysts.   Expression of 

SLCA4 in syncytiotrophoblast can be regulated by insulin and glucose in the maternal 

circulation [32], presumably to regulate uptake of glucose by conceptuses.  Despite 

intensive studies on facilitative glucose transporters, little is known about sodium-

dependent glucose transporters (SGLTs) in pre-implantation conceptuses [171].  It is 

noteworthy that SGLTs transport glucose against electrochemical gradients which is 

likely important for transport of glucose from endometrium into the uterine lumen [176]. 

There is a lack of information in the scientific literature on glucose transporters 

in uteri and conceptuses of domestic animals, such as ruminants, in which conceptuses 

undergo rapid growth and development during a protracted peri-implantation period [5].  

However, expression of glucose transporters in the uterus and conceptus is likely 

important for ensuring glucose availability to conceptuses.  We hypothesize that both 

facilitative (SLC2A1, SLC2A3, SLC2A4) and sodium-dependent (SLC5A1 and SLC5A11) 

glucose transporters are expressed in ovine uterine endometria and conceptuses during 

the peri-implantation period of early pregnancy and that endometrial glucose 

transporters are regulated by progesterone (P4) and/or interferon tau (IFNT).  Therefore, 

this study determined: 1) temporal and cell specific changes in expression of glucose 

transporters in uteri of cyclic and pregnant ewes as well as in conceptuses; and 2) effects 

of P4 and IFNT on cell-specific expression of glucose transporters in the endometrium.  

 

 

 



 

 

72 

 

Materials and Methods 

 

Animals 

  

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the 

presence of vasectomized rams and used in experiments only after they had exhibited at 

least two estrous cycles of normal duration (16–18 days).  All experimental and surgical 

procedures were in compliance with the Guide for the Care and Use of Agriculture 

Animals in Research and Teaching and approved by the Institutional Animal Care and 

Use Committee of Texas A&M University. 

 

Experimental Designs  

 

Experiment 1.   Ewes were assigned randomly on Day 0 (estrus/mating) to cyclic 

status and mated only to vasectomized rams or to pregnant status and mated to intact 

rams when detected in estrus and at 12 h intervals thereafter until the end of estrus. Ewes 

were hysterectomized (n = 5 ewes/Day) on Day 10, 12, 14 or 16 of the estrous cycle and 

on Day 10, 12, 14, 16, 18 or 20 of pregnancy.  On Days 10 to 16 post-mating, uteri were 

flushed with 20 ml sterile saline and pregnancy was confirmed by the presence of a 

morphologically normal conceptus in the uterine flushing.  Uterine flushings were 

clarified by centrifugation (3,000 x g for 30 min at 4°C), and conceptuses fixed in fresh 

4% paraformaldehyde (prepared in PBS, pH 7.2) for 24 h and then in 70% ethanol for 24 

h.  The fixed tissues were dehydrated through a graded series of alcohol to xylene and 

embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO).  It was not possible to 

obtain uterine flushes on either Day 18 or Day 20 of pregnancy because the conceptus 

had firmly adhered to the endometrial luminal epithelium (LE) and basal lamina; 

therefore, care was taken to maintain conceptus uterine contact, and uterine tissues were 

fixed in fresh 4% paraformaldehyde (prepared in PBS, pH 7.2) and ethanol, dehydrated 
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and ebedded in Paraplast-Plus as described above.   In monovulatory pregnant ewes, 

uterine tissue samples were marked as either contralateral or ipsilateral to the ovary 

bearing the CL.  No tissues from the contralateral uterine horn were used for this study.  

Sections ( 0.5 cm) from the mid-portion of each uterine horn ipsilateral to the corpus 

luteum (CL) were fixed in fresh 4% paraformaldehyde for eventual embedding in 

Paraplast-Plus as described above.  The remaining endometrium was physically 

dissected from myometrium, frozen in liquid nitrogen, and stored at –80oC for 

subsequent RNA extraction. 

Experiment 2.  This experiment was conducted to confirm results from 

Experiment 1 with samples from pregnant ewes only for which recoveries of volumes of 

each uterine flushing were known.  At estrus (Day 0), ewes were mated to a fertile ram.  

On Days 13, 14, 15 and 16 of pregnancy, uteri (n � 5 ewes per day) were flushed with 

sterile Tris buffer (10 mM, pH 7.0) and conceptuses were collected from uterine 

flushings.  In addition, ewes were hysterectomized (n = 5) on Day 18 post-mating and 

conceptuses were separated from uterine tissues. All conceptuses were fixed in fresh 4% 

paraformaldehyde and finally embedded in Paraplast-Plus (Oxford Labware, St. Louis, 

MO), as described for Experiment 1. 

Experiment 3.   Cyclic ewes (n=20) were ovariectomized on Day 5 post-estrus 

and fitted with intrauterine catheters as described previously [308].   Ewes were assigned 

randomly (5 ewes/treatment) to receive daily i.m. injections of either 50 mg progesterone 

(P4; Sigma Chemical Co.) from Days 5-16 or 50 mg P4 plus 75 mg progesterone 

receptor (PGR) antagonist (ZK 136,317; Schering AG, Berlin, Germany) from Days 11-

16 and intrauterine infusions of either 200 �g control serum proteins (CX) or 

recombinant ovine interferon tau (IFNT; 2 X 107 antiviral units) from Days 11-16 in a 

2x2 factorial design (P4+CX, P4+ZK+CX, P4+IFN, or P4+ZK+IFN).  All ewes were 

hysterectomized on Day 17.  The recombinant ovine IFNT was produced in a yeast 

expression system and assayed for antiviral activity as described previously [309].  

Control serum proteins and IFNT were prepared for intrauterine injections as described 
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previously [129].   The uteri were processed for histology and endometrium removed for 

RNA extraction as described for Experiment 1. 

 

RNA Isolation  

 

Total cellular RNA was isolated from frozen endometrium using Trizol reagent 

(Gibco-BRL) according to manufacturer's recommendations. The quantity and quality of 

total RNA were determined using spectrometry and denaturing agarose gel 

electrophoresis, respectively.  

 

Cloning of Partial cDNAs for Ovine SLC2A1, SLC2A3, SLC2A4, SLC5A1 and SLC5A11 

 

TABLE 4.1. Primer designs for PCR amplification for glucose transporters. 

Gene Forward Primer 
(5��3�) 

Reverse Primer 
(5��3�) 

GenBank Accession No. Product Size 
(bp) 

     
SLC2A1 gtcaccatcctggagctgtt cccacaatgaaattcgaggt U89029 488 
SLC2A3 ccacacatgagccgtaaatg tgaagagcccagtctccact NM-001009770 477 
SLC2A4 gtctccattgtggccatctt gggttaaagtgctgcagagg NM-001042 464 

SLC5A1 ctgttggaggcttcttcctg cgtctgcaaggtgtctgtgt NM_001009404 488 
SLC5A11 ggaagtggacatttcgttgg atttctcctccaagccttcc BC102962 469 

SLC2A1:  Facilitated Glucose Transporter Member 1, also known as GLUT1 
SLC2A3:  Facilitated Glucose Transporter Member 3, also known as GLUT3 
SLC2A4:  Facilitated Glucose Transporter Member 4, also known as GLUT4 
SLC5A1:  Sodium/Glucose Cotranporter Member 1, also known as SGLT1 
SLC5A11: Sodium/Glucose Cotransporter Member 11, also known as SGLT6 

 

 

Partial cDNAs for ovine SLC2A1, SLC2A3, SLC2A4, SLC5A1 and 

SLC5A11mRNAs were amplified by RT-PCR of total RNA from ovine endometrium on 

Day 20 of pregnancy using primers as summarized in Table 4.1.  PCR amplification was 

as follows: 1) 95°C for 2 min; 2) 95°C for 30 sec, 50°C for 45 sec, and 72°C for 1 min 

for 35 cycles; and 3) 72°C for 7 min.  Partial ovine SLC2A1, SLC2A3, SLC2A4, SLC5A1 
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and SLC5A11 cDNAs were cloned into pCRII using a T/A Cloning Kit (Invitrogen) and 

their sequence determined using an ABI PRISM Dye Terminator Cycle Sequencing Kit 

and ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems). 

 

Slot Blot Hybridization Analyses  

 

Steady-state levels for SLC2A1, SLC2A4, SLC5A1 and SLC5A11 mRNAs in 

ovine endometria from Experiments 1 and 2 were assessed by slot blot hybridization 

analysis as described previously [310].  Antisense cRNA probes were generated using 

linearized plasmid template by in vitro transcription with [�-32P]-UTP.  Denatured total 

endometrial RNA (20 µg) from each ewe was hybridized with radiolabeled cRNA probes.  

To correct for variation in total RNA loading, a duplicate RNA slot membrane was 

hybridized with radiolabeled antisense 18S cRNA (pT718S; Ambion).  Following 

washing, the blots were digested with ribonuclease A and the radioactivity associated 

with slots quantified using a Typhoon 8600 MultiImager (Molecular Dynamics).  Data 

are presented as relative units (RU). 

 

In Situ Hybridization Analyses  

 

Location of SLC2A1, SLC2A3, SLC2A4, SLC5A1and SLC5A11 mRNAs in 

sections (5 µm) of ovine uteri and conceptuses was determined using radioactive in situ 

hybridization analysis as described previously [310].  Briefly, deparaffinized, rehydrated, 

and deproteinated uterine tissue sections were hybridized with either a radiolabeled 

antisense or sense cRNA probe generated by in vitro transcription with the appropriate 

RNA polymerase and linearized plasmid template. After hybridization, washing, and 

ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion 

(Kodak) and exposed at 4°C for 4 days to 4 weeks. Slides were developed in Kodak D-

19 developer, counterstained with Gill hematoxylin (Fisher Scientific), and then 

dehydrated through a graded series of alcohol to xylene.  Coverslips were then affixed 
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with Permount (Fisher). Images of representative fields were recorded under brightfield 

and darkfield illumination using a Nikon Eclipse 1000 photomicroscope (Nikon 

Instruments Inc.) fitted with a Nikon DXM1200 digital camera.  

 

Immunohistochemical Analyses  

 

Immunoreactive SLC2A1, SLC2A4 and SLC5A1 proteins were localized in 

ovine uterine and conceptus tissues as described previously [311].  A rabbit anti-rat 

SLC2A1 polyclonal immunoglobulin (IgG, Catalog No. ab14683, Abcam Inc. 

Cambridge MA), rabbit anti-SLC2A4 polyclonal IgG (Catalog No. ab41529), and rabbit 

anti-SLC5A1 polyclonal IgG (Catalog No. ab14685) were used at 1 µg/ml, 1 µg/ml, and 

2 µg/ml final concentration, respectively.  Antigen retrieval was performed using a 

boiling citrate buffer.  Purified non-relevant rabbit IgG at the same concentration was 

used as a negative control.  Immunoreactive protein was visualized in sections using the 

VECTASTAIN ABC KIT (Catalog No. PK-6101, Vector Laboratories Inc. Burlingame 

CA) according to kit instructions and 3,3’-diaminobenzidine tetrahydrochloride (Catolog 

No. D5637 Sigma-Aldrich, St. Louis MO) as the color substrate.  Sections were not 

counterstained before affixing coverslips. 

 

Statistics 

 

All quantitative data were subjected to least-squares analysis of variance 

(ANOVA) using the General Linear Models (GLM) procedures of the Statistical 

Analysis System (SAS Institute, Cary, NC).  Data in Experiment 1 were analyzed for 

effects of day, pregnancy status (cyclic or pregnant), and their interaction.  Effects of day 

within status were determined by regression analysis.  Data from Experiment 3 were 

analyzed using preplanned orthogonal contrasts (P4+CX versus P4+IFN, P4+CX versus 

P4+ZK+CX, and P4+IFN versus P4+ZK+IFN).  Data are presented as least squares 

means (LSM) with overall standard errors (SE).   
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FIG. 4.1. Steady-state levels of SLC2A1, SLC2A4, SLC5A1 and SLC5A11 mRNAs in endometria from 
cyclic and pregnant ewes.  [A] Endometrial SLC2A1 mRNA was not affected by day (P > 0.10) in cyclic 
ewes, but increased in pregnant ewes (day x status, P < 0.02) between Days 10 and 14 and remained 
elevated thereafter (quadratic, P < 0.01).  [B] Endometrial SLC2A4 mRNA did not change (P = 0.98) in 
cyclic ewes, but increased (P < 0.05) in pregnant ewes between Days 10 and 18 and then declined to Day 
20 (quadratic, P < 0.05).  [C] In cyclic ewes, endometrial SLC5A1 mRNA increased between Days 10 and 
14 and then decreased on Day 16 (quadratic, P < 0.05), but increased between Days 10 and 12, remained 
elevated through Day 16, and decreased to Day 20 in pregnant ewes (quadratic, P < 0.001). [D] In cyclic 
ewes, endometrial SLC5A11 mRNA increased between Days 10 and 14 and decreased to Day 16 
(quadratic, P < 0.01), whereas abundance increased  (day, linear, P < 0.05) between Days 10 and 12, 
reached a plateau on Days 14 to 16, and increased to Day 20 of pregnancy.  Data are presented as LSM 
relative units (RU) with SE.  
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FIG. 4.2. In situ hybridization analysis of SLC2A1, SLC2A2 and SLC2A4 mRNAs in uteri from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] 
SLC2A1 mRNA was detected in LE and GE of cyclic and pregnant ewes, as well as trophectoderm and extraembryonic endoderm of conceptuses (Days 
13 to 18), but was most abundant in LE/sGE.  [B] SLC2A3 mRNA was expressed only in trophectoderm and extraembryonic endoderm of conceptuses 
on Days 13 to 18. [C] SLC2A4 mRNA was present in most uterine cell types of cyclic and pregnant ewes, but most abundant in uterine LE and GE of 
pregnant ewes.  Legend: LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stromal cells; Tr, trophectoderm; 
En, extra-embryonic endoderm.  Bar = 10 µm. 
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Results 

 

Effects of Day of the Estrous Cycle and Pregnancy on SLC2A1, SLC2A3, SLC2A4, 

SLC5A1 and SLC5A11 mRNAs in Ovine Endometria and Conceptuses  

 

Slot-blot hybridization analyses revealed temporal changes in steady-state 

mRNA levels for SLC2A1, SLC2A4, SLC5A1 and SLC5A11 in uterine endometria during 

the estrous cycle and early pregnancy (Fig. 4.1).  As illustrated in Fig. 4.1A, endometrial 

SLC2A1 mRNA levels increased in pregnant, but not cyclic ewes between Days 10 and 

16 (P < 0.02, day x status).  In pregnant ewes, endometrial SLC2A1 mRNA levels 

increased between Days 10 and 14 and remained elevated to Day 20 (quadratic effect of 

day, P < 0.01).  Endometrial SLC2A4 mRNA levels were not affected by day of the 

estrous cycle (P > 0.10) or pregnancy status (day x status, P > 0.10).  SLC5A1 mRNA 

levels between Days 10 and 16 were affected by day and pregnancy status (P < 0.05).  In 

cyclic ewes, SLC5A1 mRNA levels increased between Days 10 and 14 and then declined 

to Day 16 (quadratic effect of day, P < 0.05).  In pregnant ewes, endometrial SLC5A1 

mRNA levels increased between Days 10 and 16 and then declined to Day 20 (quadratic 

effect of day, P < 0.001).  Overall, the abundance of SLC5A11 mRNA was greater in 

endometria of pregnant than cyclic ewes (day x status, P < 0.05) between Days 10 and 

16.  In cyclic ewes, SLC5A11 mRNA increased between Days 10 and 14 and decreased 

to Day 16 (quadratic effect of day, P < 0.01), whereas SLC5A11 mRNA increased 

between Days 10 and 20 of pregnancy (linear effect of day, P < 0.05).   

As illustrated in Fig. 4.2A, SLC2A1 mRNA was detected in luminal and 

superficial glandular (LE/sGE) and glandular (GE) epithelia of cyclic and pregnant ewes 

as well as in extra-embryonic endoderm and trophectoderm of conceptuses between 

Days 14 and 20 of pregnancy. SLC2A4 mRNA was detected at low levels in LE/sGE, 

GE, and stromal cells of endometria from cyclic ewes, but was more abundant in 

pregnant ewes.  SLC2A4 mRNA was also expressed in the extra-embryonic endoderm 

and trophectoderm of conceptuses; however, SLC2A4 mRNA was not detectable at Day 
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20 of pregnancy (Fig. 4.2C).  In contrast to SLC2A1 and SLC2A4, SLC2A3 mRNA was 

present exclusively and abundantly in extra-embryonic endoderm and trophectoderm of 

conceptuses between Days 12 and 20 of pregnancy (Fig. 4.2B). 

As illustrated in Fig. 4.3, SLC5A1 mRNA was abundant in LE/sGE and GE of 

uterine endometria between Days 12 and 14 of the estrous cycle, but was very low on 

Day 16.  In pregnant ewes, SLC5A1 mRNA was abundant in LE/sGE and GE between 

Days 12 and 14, but only in GE between Days 16 and 20.  The abundance of SLC5A1 

mRNA in GE was lower between Days 16 and 20 as compared to Days 10 to 14 of 

pregnancy (Fig. 4.3A).  SLC5A11 mRNA was detectable in uterine GE on Days 12 to 14 

of the estrous cycle and Days 10 to 20 of pregnancy.  In cyclic ewes, SLC5A11 mRNA 

abundance was greatest on Days 12 to 14, but very low on Day 16.  In pregnant ewes, 

SLC5A11 mRNA abundance was low on Day 10, increased to Day 12 and remained 

elevated to Day 20.  Both SLC5A1 and SLC5A11 mRNAs were detectable at low levels 

in extra-embryonic endoderm and trophectoderm of conceptuses between Days 13 and 

18 of pregnancy (Fig. 4.3B).  

 

Immunohistochemical Analysis of SLC2A1, SLC2A4 and SLC5A1 Protein in Ovine 

Endometria and Conceptuses 

 

Immunoreactive SLC2A1 protein was detectable in uterine LE/sGE and GE of 

cyclic and pregnant ewes, as well as extra-embryonic endoderm and trophectoderm of 

conceptuses, but LE/sGE expression was greater in pregnant than cyclic tissues.  In 

cyclic ewes, SLC2A1 protein was most abundant in LE on Day 14.  In pregnant ewes, 

the abundance of SLC2A1 protein was similar between Days 10 and 12, increased to 

Day 14, and then decreased to Day 20 (Fig. 4.4).  In conceptuses, SLC2A1 protein was 

more abundant in extra-embryonic endoderm than trophectoderm between Days 13 and 

18, and then decreased to Day 20 (Fig. 4.4).  
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FIG. 4.3. In situ hybridization analysis of SLC5A and SLC5A11 mRNAs in uteri from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] SLC5A1 
mRNA was detected primarily in LE and GE of cyclic and pregnant ewes, but present in very low abundance in trophectoderm and extra-embryonic 
endoderm of conceptuses.  [B] SLC5A11 mRNA was present primarily in uterine GE of cyclic and pregnant ewes, but in very low abundance in 
trophectoderm and extraembryonic endoderm of conceptuses.  Legend:  LE, luminal epithelium; sGE, superficiual glandulare epithelium; GE, glandular 
epithelium; S, stroma; Tr, trophectoderm; En, endoderm. Bar = 10µm. 
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FIG. 4.4.  Immunohistochemical localization of SLC2A1, SLC2A4 and SLC5A1 proteins in uteri from cyclic (C) and pregnant (P) ewes.  [A] SLC2A1 
protein was present in LE/sGE and middle GE of endometria from cyclic and pregnant ewes, as well as endoderm and trophectoderm of conceptuses.  
SLC2A1 was abundant in LE/sGE of endometria and extraembryonic endoderm of conceptuses.  [B] Immunoreactive SLC2A4 protein was detected in 
LE, GE, and stromal cells of endometria from cyclic and pregnant ewes, as well as extraembryonc endoderm and trophectoderm of conceptuses.  
SLC2A4 protein was present mainly in uterine LE and GE.  [C] SLC5A1 protein was detected in LE, GE and stroma of endometria of cyclic and 
pregnant ewes, but most abundant in LE and GE, and in extra-embryonic endoderm and trophectoderm of conceptuses.  Legend: LE, luminal 
epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; sGE, superficial glandular epithelium; S, stroma. Bar = 10 µm. 
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FIG. 4.5. Effects of P4 and IFNT on SLC2A1 expression in ovine endometria.  [A] SLC2A1 mRNA was 
induced by P4 (P4+CX vs P4+ZK+CX, P < 0.02) and stimulated by intrauterine IFNT (P4+CX vs 
P4+IFN, P < 0.01).  The effects of P4 and IFNT were blocked by ZK, a progesterone receptor antagonist, 
(P4+ZK+CX vs P4+ZK+IFN, P > 0.10).  Different letters denote significant (P < 0.05) differences among 
treatments.  Further, P4 induced and IFNT stimulated SLC2A1 mRNA [B] and protein [C] primarily in 
endometrial LE/sGE.  Legend: LE, luminal epithelium; sGE, superficial glanular epithelium; S, stroma. 
Bar = 10 µm.  
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The SLC2A4 and SLC5A1 proteins were detectable in LE/sGE, GE and stromal 

cells of endometria of cyclic and pregnant ewes, as well as extra-embryonic endoderm 

and trophectoderm of conceptuses.  These two proteins were most abundant in uterine 

LE and GE. The abundance of SLC2A4 in uterine LE and GE was uniform from Day 10 

to Day 16 of the estrous cycle and pregnancy, but decreased in LE between Days 18 and 

20 of pregnancy.  SLC2A4 protein was detectable in trophectoderm and extra-embryonic 

endoderm of conceptuses on Days 13 to 20 of pregnancy (Fig. 4.4).  In cyclic ewes, 

SLC5A1 protein was most abundant on Day 14, whereas its abundance increased 

between Days 12 and 14 of pregnancy, particularly on the apical surface of LE/sGE, but 

decreased thereafter.  In conceptuses, SLC5A1 protein in extra-embryonic endoderm and 

trophectoderm was similar in abundance between Days 13 and 18 of pregnancy (Fig. 

4.4).  

  

Effects of P4 and IFNT on Endometrial SLC2A1 

 

As illustrated in Fig. 4.5A, treatment of ewes with P4 increased steady-state 

levels of endometrial SLC2A1 mRNA by 4.2-fold (P4+CX vs P4+ZK+CX, P < 0.02).  

Intrauterine infusion of IFNT increased SLC2A1 mRNA levels by 2.1-fold (P4+CX vs 

P4+IFN, P < 0.01), but not in ewes treated with the PGR antagonist (P4+ZK+CX vs 

P4+ZK+IFNT, P > 0.10).  In situ hybridization analyses (Fig. 4.5B) and 

immunohistochemical analyses (Fig. 4.5C) revealed that effects of P4 and IFNT on 

SLC2A1 mRNA and protein were primarily on endometrial LE/sGE.  These results 

indicate that SLC2A1 is a P4-induced and IFNT-stimulated gene in endometrial LE/sGE 

of the ovine uterus. 
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FIG. 4.6. Effects of P4 and IFNT on SLC2A4 expression in ovine endometria.  [A] SLC2A4 expression 
appeared to be independent of effects of P4 (P4+CX vs P4+ZK+CX, P = 0.076) and P4 and IFNT; 
however, ewes receiving intrauterine IFNT and P4 and ZK had lower levels of SLC2A4 mRNA (P4+IFN 
vs P4+ZK+IFN, P < 0.01). IFNT alone did not affect SLC2A4 mRNA levels in ewes receiving the 
progesterone receptor antagonist (P4+ZK+CX vs P4+ZK+IFN, P > 0.1) and there was no additive effect 
of IFNT and P4 on SLC2A4 expression (P4+CX vs P4+IFN, P = 0.376).  Different letters denote 
significant differences among the treatments. Further, P4 stimulated and ZK reduced SLC2A4 mRNA [B] 
and protein [C] in LE, but not SLC2A4 protein in GE. Legend: LE, luminal epithelium; GE, glandular 
epithelium;  S, stroma. Bar = 10µm.  
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FIG. 4.7. Effects of P4 and IFNT on SLC5A1 expression in ovine endometria.  [A] SLC5A1 mRNA in 
endometria was induced by P4 (P4+CX vs P4+ZK+CX, P < 0.01 and P4+ZK+CX vs P4+ZK+IFN, P < 
0.05), but intrauterine IFNT had no effect (P4+CX vs P4+IFN, P > 0.10). Different letters denote 
significant differences among the treatments. [B] Effects of P4 and IFNT on SLC5A1 mRNA were 
primarily in endometrial GE as SLC5A1 mRNA was not detected in endometrial LE.  [C] SLC5A1 protein 
in LE and sGE was decreased by ZK (P4+ZK+CX and P4+ZK+IFN), but maintained by treatment with P4 
or P4 and IFNT (P4+CX, and P4+IFN); however, there was no effect of treatment on SLC5A1 protein in 
GE. Legend:  LE, luminal epithelium; GE, glandular epithelium; S, stroma. Bar = 10 µm.  
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FIG. 4.8. Effects of P4 and IFNT on SLC5A11 expression in ovine endometria.  [A] Endometrial SLC5A11 
mRNA was induced by P4 (P4+CX vs P4+ZK+CX, P < 0.001) and stimulated by intrauterine IFNT 
(P4+CX vs P4+IFN, P < 0.02).  These effects were blocked by ZK, a progesterone receptor antagonist, 
(P4+ZK+CX vs P4+ZK+IFN, P > 0.80).  Different letters denote significant differences among treatments. 
[B] Effects of P4 and IFNT on SLC5A11 mRNA were primarily in uterine LE/sGE, but to some extent in 
GE.  Legend: LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S: 
stroma. Bar = 10 µm.  
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P4 Regulates SLC2A4 in the Endometrium 

 

Treatment of ewes with P4 tended to increase SLC2A4 mRNA in the 

endometrium (P4+CX vs P4+ZK+CX, P = 0.076) while combined effects of P4 and 

IFNT increased SLC2A4 mRNA levels 1.9-fold (P4+IFN vs P4+ZK+IFN, P < 0.01).  

However, SLC2A4 mRNA levels were not affected by intrauterine infusion of IFNT in 

P4-treated ewes (P4+CX vs P4+IFNT, P = 0.376) (Fig. 4.6A).  Results from in situ 

hybridization and immunohistochemical analyses indicated that SLC2A4 mRNA and 

protein were more abundant in LE/sGE of P4+CX and P4+IFNT-treated ewes (Figs. 

4.6B, 4.6C). Interestingly, SLC2A4 mRNA abundance in the GE was not affected by 

either P4 or IFNT treatments.  

 

P4 Stimulates SLC5A1 in the Endometrium 

 

SLC5A1 mRNA levels were higher in ewes treated with P4 regardless of 

intrauterine protein treatment (P4+CX vs P4+ZK+CX, P < 0.01 and P4+IFNT vs 

P4+ZK+IFNT, P < 0.05) (Fig. 4.7A).  In situ hybridization and immunohistochemical 

analyses revealed that P4 increased SLC5A1 mRNA (Fig. 4.7B) and protein (Fig. 4.7C) 

in endometrial LE/sGE and GE. 

 

P4 Induced and IFNT Stimulated Expression of SLC5A11 

 

Steady-state levels of endometrial SLC5A11 mRNA were 5.2-fold greater in P4-

treated ewes (P4+CX vs P4+ZK+CX, P < 0.001) and 5-fold higher in P4-treated ewes 

infused with  IFNT (P4+CX vs P4+IFNT, P < 0.02) (Fig. 4.8A).  However, IFNT alone 

did not increase SLC5A11 mRNA in P4+ZK-treated ewes (P4+ZK+CX vs 

P4+ZK+IFNT, P > 0.80).  In situ hybridization analysis revealed that P4 and IFNT 

increased SLC5A11 mRNA in LE/sGE and GE.  Further, SLC5A11 mRNA was more 

abundant in the stroma of P4+IFNT-treated compared to P4+CX- and P4+ZK+IFNT-
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treated ewes (Fig. 4.8B).  Interestingly, SLC5A11 mRNA was not detected in 

endometrial stroma of cyclic and pregnant ewes (Fig. 4.3B).   

 

Discussion 

 

Glucose is essential to conceptus survival, growth, and development [168].  

However, little is known about the transport of glucose from maternal blood into the 

uterine lumen of mammals.  This report is the first to describe developmentally regulated 

and hormonally-induced changes in expression of both facilitative and sodium-

dependent glucose transporters in ovine uteri and conceptuses during the peri-

implantation period.  Novel findings supported by the results include: 1) differential 

expression of glucose transporters in ovine uteri during the estrous cycle and early 

pregnancy; 2) SLC2A3 expression unique to ovine conceptuses; 3) sodium-dependent 

glucose transporters, SLC5A1 and SLC5A11, expressed in both conceptuses and uterine 

endometria; 4) identification of SLC2A1 and SLC5A11 as P4-induced and IFNT-

stimulated genes in uterine LE/sGE; and 5) evidence that SLC5A1 expression is induced 

by P4 in LE and sGE during early pregnancy.  Thus, one facilitative glucose transporter 

(SLC2A1) and one sodium-dependent glucose transporter (SLC5A11) were induced by 

P4 and stimulated by IFNT primarily in LE/sGE to which trophectoderm of developing 

conceptuses adheres and attached initially while trophectoderm and endoderm of 

conceptuses express both facilitative (SLC2A1, SLC2A3, SLC2A4) and sodium-

dependent (SLC5A1 and SLC5A11) glucose transporters.   These results provide further 

evidence that IFNT not only serves as the pregnancy recognition signal in ruminants, but 

also acts in concert with P4 to influence expression of genes critical for establishment of 

a uterine environment that supports conceptus development and implantation [56, 136]. 

There are reports of differential expression of facilitative glucose transporters in 

uterine endometria and embryos of humans and rodents [312-315].  Results of the 

present study indicate that SLC2A1 mRNA and protein are expressed mainly in LE/sGE 

and middle GE of endometria, as well as trophectoderm and extra-embryonic endoderm 
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of ovine conceptuses.  Further, SLC2A4 mRNA and protein are present in most cell 

types of ovine uterine endometria, but are most abundant in LE, as well as 

trophectoderm and extraembryonic endoderm of conceptuses during early pregnancy.  In 

contrast, SLC2A3 was localized exclusively to trophectoderm and extraembryonic 

endoderm of ovine conceptuses as reported for rats [313, 314] and humans [315].  

Differential expression of these members of the glucose transporter family suggests that 

they have tissue-and/or cell-specific roles in glucose metabolism during pregnancy.  Of 

particular interest, SLC2A3 expression is limited to the conceptuses for glucose uptake 

from the uterine lumen, whereas SLC2A1 and SLC2A4 contribute to transport of 

glucose into the uterine lumen by cells of the endometrium.  In mice, null mutation of 

Slc2a3 resulted in early pregnancy loss and fetal growth restriction indicating that 

functions of SLC2A3 cannot be assumed by other glucose transporters [306].  Therefore, 

SLC2A3 plays a critical role in embryonic survival and development, and the differential 

functions of glucose transporters in uterine endometria and conceptuses do not appear to 

be species-specific [312-314].   

In contrast to intensive studies on facilitative glucose transporters in uteri and 

placentae, the role(s) of sodium-dependent glucose transporters in uterine physiology has 

not been reported.  In the present study, SLC5A1 mRNA and protein were present in 

LE/sGE and GE of ovine endometria, whereas SLC5A11 mRNA was most abundant in 

LE/sGE.  Interestingly, SLC5A1 protein was abundant in endometria of cyclic and 

pregnant ewes and in conceptuses (Fig. 4.4) whereas relatively low levels of SLC5A1 

mRNA were detected in endometria on Day 10 of the estrous cycle and pregnancy and in 

conceptuses.  This discrepancy may be explained by post-transcriptional regulation of 

SLC5A1 expression.  Similar results reported for Slc2a3 in rat uteri [314] were attributed 

to a low rate of degradation of this transporter protein or stabilization of its mRNA [313].  

Therefore, transcriptional regulation of SLC5A1 and SLC5A11 genes, in combination 

with post-transcriptional regulation, may allow them to meet their physiological 

functions according to stage of the estrous cycle and pregnancy.  Although the 

underlying mechanisms are unknown and warrant further investigation, we hypothesize 
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that sodium-dependent glucose transporters play important roles in transport of glucose 

from the uterine endometrium into the uterine lumen and its uptake by conceptuses.  In 

addition, sodium-dependent glucose transporters (e.g., SLC5A1) may function to 

transport sodium, urea and water as a uniporter [187]. 

Results of the present study demonstrate for the first time that P4 and IFNT 

regulate expression of glucose transporters in the ovine uterus.  Both SLC2A1 and 

SLC5A11 expression in ovine uterine endometria were induced by P4 and stimulated by 

IFNT, whereas SLC2A4 and SLC5A1 expression were induced by P4, but not stimulated 

by IFNT.  In ruminants, the pregnant uterus is sensitive to hormonal regulation by the 

timely interplay of estrogen, P4, IFNT, chorionic somatomammotropin hormone one 

(CSH1 or placental lactogen), and placental growth hormone one (GH).  These 

hormones constitute a servomechanism which controls endometrial gland morphogenesis 

and secretory function, and uterine growth during gestation [308, 316].  The stimulatory 

effects of P4 and/or IFNT on expression of glucose transporters likely play a critical role 

in the transport of glucose across the endometrium and into the uterine lumen to support 

conceptus growth and development during the critical peri-implantation stage.  At 

present, the molecular mechanisms for these effects of P4 and IFNT on expression of 

glucose transporters are not known.  Notably, mammalian conceptuses exist in a 

relatively hypoxic uterine environment, so actions of P4 may include stimulation of 

hypoxia-inducible factors via distinct cis-acting sequences [141, 317, 318].  For example, 

hypoxia appears to independently increase levels of placental SLC2A1 in rats and sheep 

to modify effects of glucose which can also affect SLC2A1 expression in placentae of 

these species [319].   

In summary, results of the present study indicate differential expression of both 

facilitative and sodium-dependent glucose transporters in ovine uterine endometria and 

conceptuses during the critical peri-implantation period, and demonstrate stimulatory 

effects of pregnancy, P4 and IFNT on expression of glucose transporter genes.  In 

particular, P4-induced and IFNT-stimulated expression of both a facilitative (SLC2A) 

and a sodium-dependent (SLC5A11) glucose transporter, primarily in LE/sGE, that 
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participate in initial attachment between trophectoderm and uterine epithelia during the 

peri-implantation period of pregnancy.  Although not addressed in this study, it is likely 

that glucose transporters in endometrial epithelial cells are differentially expressed on 

the apical and lateral/basal membranes.  Further, in pregnant ewes, facilitative glucose 

transporters could transport glucose from plasma (2.5-3 mM glucose) across the basal 

and lateral membranes into endometrial epithelial cells (< 1 mM glucose) while sodium-

dependent glucose transporter may facilitate transport of glucose from endometrial 

epithelial cells (glucose concentrations < 1 mM) across the apical membrane into uterine 

luminal fluid (glucose concentrations > 2 mM) between Days 10 and 16 of gestation. 

Therefore, both facilitative and Na-dependent glucose transporters likely function to 

optimize transport of glucose from plasma into the uterine lumen to support growth and 

development of the conceptuses.  

These novel observations contribute to understanding of mechanisms regulating 

glucose homeostasis in conceptuses and improving pregnancy outcomes in mammals.    

Glucose, along with Gln, is major energy sources for conceptuses during development.  

In addition, these nutrients can regulate conceptus growth and development by acting 

through the glutamine fructose-6-phosphate amidotransferase (GFAT)-mediated 

FKBP12-rapamycin complex-associated protein 1 (FRAP1, formerly mTOR) signaling 

pathway [26].  Results of the present study have provided the rationale for current 

studies that are focused on effects of glucose on trophectoderm differentiation and gene 

expression mediated via the FRAP1-dependent cell signaling pathways [26, 171] critical 

to establishment and maintenance of pregnancy. 
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CHAPTER V 

CATIONIC AMINO ACID TRANSPORTERS IN OVINE UTERI AND PERI-

IMPLANTATION CONCEPTUSES*  

 

Introduction 

 

Arginine, an essential amino acid for fetal-placental growth and development 

[89], is required for synthesis of substances, including nitric oxide (NO) and polyamines, 

that have versatile functions [45].  NO is a major regulator of angiogenesis [246] and 

utero-placental-fetal blood flow which determines rate of transfer of nutrients and 

oxygen from the mother to fetus [93].  Polyamines are essential for DNA and protein 

synthesis, as well as proliferation and differentiation of cells [95].  In addition, Arg 

regulates key metabolic pathways critical for nutrient utilization and protein deposition 

through FKBP12-rapamycin complex-associated protein 1 (FRAP1 or mTOR) and NO 

signaling pathways [10, 44, 245].  

In support of a crucial role for Arg in embryogenesis,  as well as conceptus 

growth and development [99], we reported that Arg in the uterine lumen increased 10-

fold between Days 10 and 15 of pregnancy, i.e., the peri-implantation period [305].  A 

sufficient supply of Arg to the conceptus may be particularly important for ruminants 

and pigs, because they have synepitheliochorial and epitheliochorial placentae, 

respectively, and their conceptuses undergo rapid elongation during a protracted peri-

implantation period prior to implantation [5]. The mechanisms for Arg transport into the 

uterine lumen and its uptake by conceptuses are largely unknown.  

L-arginine transport is mediated primarily by the Na+-independent System y+ for 

cationic amino acids that has low affinity, but high capacity in cells.  The cationic amino 

                                                 
* Reprinted with permission from Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in 
the ovine uterine lumen: III. Cationic amino acid transporters in ovine uterus and peri-implantation 
conceptuses.  Biol Reprod 2009; 80:602-9.  Copyright 2009 by the Society for the Study of Reproduction, 
Inc. 
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acid transport (CAT) system consists of three members, CAT1, CAT2, and CAT3 that are 

encoded by SLC7A1, SLC7A2, and SLC7A3 genes, respectively.  These cationic amino 

acid transporters are distributed differentially among cells and their affinities for basic 

amino acids vary greatly for Arg, Lys and Orn [320, 321].  Notably, SLC7A1 and 

SLC7A2 were identified in mouse blastocysts [223], but little information is available on 

developmental changes of CAT expression in uteri or conceptuses of any animal.  

Therefore, the objectives of this study were to determine: 1) temporal and spatial (cell-

specific) changes in expression of SLC7A1, SLC7A2 and SLC7A3 in ovine conceptuses 

and uteri during the peri-implantation of pregnancy and the estrous cycle; and 2) effects 

of progesterone (P4), interferon tau (IFNT) and a progesterone receptor (PGR) 

antagonist on their expression in the ovine uterus.  

 

Materials and Methods  

 

Animals  

 

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the 

presence of vasectomized rams and used in experiments after they had exhibited at least 

two estrous cycles of normal duration (16–18 days).  All experimental and surgical 

procedures were in compliance with the Guide for the Care and Use of Agricultural 

Animals in Teaching and Research and approved by the Institutional Animal Care and 

Use Committee of Texas A&M University. 
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Experimental Designs  

 

Experiment 1.  This experiment determined temporal and spatial (cell-specific) 

changes in SLC7A1, SLC7A2 and SLC7A3 mRNA abundance in ovine uteri during the 

estrous cycle and early pregnancy.  Ewes were assigned randomly on Day 0 

(estrus/mating) to cyclic status and mated only to vasectomized rams or to pregnant 

status and mated to intact rams when detected in estrus and at 12 h intervals thereafter 

until the end of estrus. Ewes were hysterectomized (n = 5 ewes/day) on either Days 10, 

12, 14 or 16 of the estrous cycle or Days 10, 12, 14, 16, 18, or 20 of pregnancy as we 

described previously [308].  On Days 10 to 16 post-mating, uteri were flushed with 20 

ml sterile saline and pregnancy was confirmed by the presence of a morphologically 

normal conceptus.  Sections ( 0.5 cm) from the mid-portion of each uterine horn 

ipsilateral to the corpus luteum (CL) were fixed in fresh 4% paraformaldehyde (prepared 

in PBS, pH 7.2) for 24 h and then in 70% ethanol for 24 h.  The fixed tissues were 

dehydrated through a graded series of alcohol to xylene, and then embedded in Paraplast-

Plus (Oxford Labware, St. Louis, MO).  The remaining endometrium was physically 

dissected from myometrium, frozen in liquid nitrogen, and stored at –80oC for 

subsequent RNA extraction. 

Experiment 2.  This experiment determined changes in SLC7A1, SLC7A2 and 

SLC7A3 mRNA abundance in ovine conceptuses during the peri-implantation period of 

early pregnancy. At estrus (Day 0), ewes were mated to a fertile ram.  On Days 13, 14, 

15, and 16 of pregnancy (n � 5/ewes/day) uteri were flushed with sterile Tris buffer (10 

mM, pH 7.0), and conceptuses were collected from uterine flushings.  On Day 18 of 

pregnancy, ewes were hysterectomized (n = 5 ewes/day) and conceptuses were separated 

from uterine tissues, fixed in fresh 4% paraformaldehyde and then embedded in 

Paraplast-Plus (Oxford Labware, St. Louis, MO) as described for Experiment 1.  

Experiment 3.  This experiment determined effects of short-term P4 and IFNT 

treatment on SLC7A1 and SLC7A2 mRNA abundance in the ovine uterus.  Cyclic ewes 

(n = 20) were ovariectomized and fitted with intrauterine catheters on Day 5 post-estrus, 
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as described previously[138].  Ewes were assigned randomly (n = 5 ewes/treatment) to 

receive daily i.m. injections of either P4 (Sigma Chemical Co.) or P4 plus a progesterone 

receptor (PGR) antagonist (ZK 136,317; Schering AG, Berlin, Germany) and 

intrauterine infusions of either control serum proteins or recombinant ovine IFNT as 

follows: 1) 50 mg P4 (Days 5 to 15) and 200 µg control (CX) serum proteins (Days 11 to 

15; P4+CX); 2) P4 and 75 mg of ZK 136 317 (Days 11 to 15) and CX proteins 

(P4+ZK+CX); 3) P4 and IFNT (2 x 107 antiviral units, Days 11 to 15; P4+IFN); or 4) P4 

and ZK and IFNT (P4+ZK+IFN). IFNT was prepared in a yeast bacterial system and 

assayed for biological activity using an antiviral assay as described previously [129] .  

Control serum proteins and IFNT were prepared for intrauterine injections as described 

previously[309].  All ewes were hysterectomized on Day 16 post-estrus and the uterus 

processed as described for Experiment 1.  

Experiment 4.  This experiment determined the effects of P4 treatment for 20 

days and intrauterine infusions of IFNT on SLC7A1 expression in ovine uteri.  As 

described previously [322], cyclic ewes (n=20) were ovariectomized and fitted with 

intrauterine catheters on Day 5 post-estrus.  Ewes were then assigned randomly (n = 5 

ewes/treatment) to receive daily i.m. injections of P4 or P4 and PGR antagonist (ZK 

136,317) and intrauterine infusions of either CX serum proteins or recombinant ovine 

IFNT as follows: 1) 50 mg P4 (Days 5-24) and 200 �g CX serum proteins (Days 11-24) 

[P4+CX]; 2) P4 plus 75 mg of ZK136,317 (Days 11-24) and CX serum proteins (200 

�g) [P4+ZK+CX]; 3) P4 and IFNT (2x107 antiviral units, Days 11 to 24) [P4+IFN]; or 

4) P4 plus ZK and IFNT [P4+ZK+IFN].  All ewes were hysterectomized on Day 25 

post-estrus, and the uteri were processed as described in Experiment One.    
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RNA Isolation  

 

Total cellular RNA was isolated from endometrium from the uterine horn 

ipsilateral to the CL (Experiment 1) using Trizol reagent (Gibco-BRL) according to 

manufacturer's recommendations and stored at -80oC.  The quantity and quality of total 

RNA were determined by spectrometry and denaturing agarose gel electrophoresis, 

respectively.  

 

Cloning of Partial cDNA for Ovine Endometrial SLC7A1, SLC7A2 and SLC7A3 mRNA  

 

Partial cDNAs for ovine endometrial SLC7A1, SLC7A2 and SLC7A3 were 

amplified by RT-PCR using total RNA from endometria collected from uteri of ewes 

hysterectomized on Day 20 of pregnancy.  For SLC7A1, the sense primer (5'-

tggcactctcctggcttact-3') and antisense primer (5'-cgttcaacgaagatgctcag-3') were derived 

from the ovine SLC7A1 mRNA coding sequence (GenBank accession no. AF212146).  

For SLC7A2, the sense primer (5'-aaggaaatgtggcaaactgg-3') and antisense primer (5'-

ttgaaaagcaacccatcctc-3') were derived from the bovine SLC7A2 mRNA coding sequence 

(GenBank accession no. XM_865568.2).  For SLC7A3, the sense primer (5'-

taccagcctcttgggctcta-3') and antisense primer (5'-aaagcagtggaatggaccac-3') were derived 

from the bovine SLC7A3 mRNA coding sequence (GenBank accession no. BC126655). 

PCR amplification was as follows: 1) 95°C for 2 min; 2) 95°C for 30 sec, 50°C for 45 

sec, and 72°C for 1 min for 35 cycles; and 3) 72°C for 7 min.  Partial ovine SLC7A1, 

SLC7A2 and SLC7A3 cDNAs (483, 490, and 473 bp, respectively) were cloned into 

pCRII using a T/A Cloning Kit (Invitrogen) and their sequences verified using an ABI 

PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM automated DNA 

sequencer (Perkin-Elmer Applied Biosystems).  
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Slot-Blot Hybridization Analyses  

 

Steady-state levels for SLC7A1, SLC7A2 and SLC7A3 mRNA in ovine 

endometria were assessed by slot-blot hybridization as described previously [310].  

Radiolabeled antisense cRNA probes were generated by in vitro transcription with [�-
32P]-UTP.  Denatured total endometrial RNA (20 µg) from each ewe was hybridized 

with radiolabeled antisense cRNA probes.  To correct for variation in total RNA loading, 

a duplicate RNA slot membrane was hybridized with radiolabeled antisense 18S cRNA 

(pT718S; Ambion).  Following washing, the blots were digested with ribonuclease A, 

and radioactivity associated with slots quantified using a Typhoon 8600 MultiImager 

(Molecular Dynamics).  

 

In Situ Hybridization Analyses  

 

Cell-specific localization of SLC7A1, SLC7A2, and SLC7A3 mRNA in sections 

(5 µm) of ovine uteri was determined by radioactive in situ hybridization analyses as 

described previously [310].  Briefly, deparaffinized, rehydrated, and deproteinated 

uterine tissue sections were hybridized with a [�-35S]-UTP radiolabeled antisense or 

sense cRNA probe.  After hybridization, washing, and ribonuclease A digestion, slides 

were dipped in NTB-2 liquid photographic emulsion (Kodak) and exposed at 4°C for 4 

days.  Slides were developed in Kodak D-19 developer, counterstained with Gill 

hematoxylin (Fisher Scientific), and then dehydrated through a graded series of alcohol 

to xylene. Coverslips were then affixed with Permount (Fisher).  Images of 

representative fields were recorded under brightfield and darkfield illumination using a 

Nikon Eclipse 1000 photomicroscope (Nikon Instruments Inc.) fitted with a Nikon 

DXM1200 digital camera. 

In Experiment 4, the relative abundance of SLC7A1 mRNA in the endometrial 

glands and luminal epithelia measured as optical density was determined with the public 

domain NIH Image program, ImageJ (developed at the U.S. National Institutes of Health 
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and available on the Internet at http://rsb.info.nih.gov/nih-image/).  Briefly, more than 

six representative areas of the uterus from each ewe were photographed in darkfield 

illumination and the photographs were saved as TIFF files. The noise in the original 

photograph was filtered by median filter, followed by converting to mask using binary 

function.  With Image Calculator, a new photograph was created by combining the 

original and converted photograph.  After setting up the threshold, the optical density of 

hybridization signals in endometrial glandular and luminal epithelia were measured 

separately and data analyzed statistically. 

 

Statistical Analyses  

 

All quantitative data were subjected to least-squares regression analyses of 

variance (ANOVA) using the General Linear Models procedures of the Statistical 

Analysis System (SAS Institute).  Slot-blot hybridization data were corrected for 

differences in sample loading using 18S rRNA values as the covariate.  Data from 

Experiment 1 were analyzed for effects of day, pregnancy status (cyclic or pregnant) and 

their interactions. Within pregnancy status, least squares regression analyses were used 

to determine effects of day on endometrial mRNA levels.  Data from Experiments 3 and 

4 were analyzed for effect of treatments.  Preplanned orthogonal contrasts were used to 

determine main effects of treatment.  All tests of significance were performed using the 

appropriate error terms according to the expectation of the mean squares for error.  A P 

value of 0.05 or less was considered significant, whereas a P value of 0.06 to 0.10 was 

considered to indicate a trend toward significance.  Data are presented as least-square 

means (LSM) with SEM.  
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FIG. 5.1. Slot-blot hybridization analysis of steady-state mRNAs for SLC7A1 and SLC7A2 in endometria 
of cyclic and pregnant ewes (Days 10 to 20).  Data (relative units, RU) are expressed as least-square 
means ± SEM, n = 5.  [A] SLC7A1 mRNA levels were affected by a day x status interaction (P < 0.05). In 
cyclic ewes, SLC7A1 mRNA abundance was affected by day (P < 0.01) between Days 10 and 16. An 
effect of day in pregnant ewes for SLC7A1 mRNA was due to a 4-fold between Days 10 and 14 and a 
further increase between Days 16 and 20 (P < 0.01).  [B] Steady-state mRNA levels for endometrial 
SLC7A2 were not affected by a day by status interaction (P > 0.1) and day (P = 0.2), but affected by status 
(P < 0.05), showing higher endometrial mRNA levels in pregnant ewes.  In cyclic ewes, SLC7A2 mRNA 
levels did not change, however, for pregnant ewes,  SLC7A2 mRNA levels was increased 3.9-fold from 
Day 10 to Day 14,  increased further 2.6-fold and 4.2-fold on Day 18 and Day 20 respectively (quadratic 
effect of Day, P < 0.01). 
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FIG. 5.2. In situ hybridization analysis of SLC7A1 mRNA in endometria from cyclic (C) and pregnant (P) 
ewes.  SLC7A1 mRNA was present in uterine LE, GE and stromal cells of cyclic (Days 10 to 16) and 
pregnant (Days 10 to 20) ewes, as well as trophectoderm and endoderm of conceptuses (Days 13 to 18).  
SLC7A1 mRNA was most abundant in LE/sGE and GE on Day 16 of the estrous cycle and Days 16 to 20 
of pregnancy.  In the conceptus, the SLC7A1 mRNA was detectable at low levels in both trophectoderm 
and endoderm.  Legend:  LE: luminal epithelium; GE: glandular epithelium; sGE, superficial glandular 
epithelium; S: stroma; Tr: trophectoderm; En: endoderm. Bar=10 µm. 
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Results 

 

Steady-state Levels of SLC7A1 and SLC7A2 mRNAs in Ovine Endometrium (Experiment 

1)  

 

Steady-state levels of SLC7A1 and SLC7A2 mRNAs in endometria of cyclic and 

pregnant ewes were determined by slot-blot hybridization analysis (Fig. 5.1). For 

SLC7A1 mRNA levels, there was a day by pregnancy status interaction (P < 0.05).  For 

cyclic ewes, there was an effect of day (linear, P < 0.01) on SLC7A1 mRNA abundance 

as values were similar between Days 10 and 14 and then increased on Day 16.  In 

pregnant ewes, SLC7A1 mRNA levels increased 4-fold between Days 10 and 14, and an 

additional 2-fold between Days 16 and 20 (linear effect of Day, P < 0.01; Fig. 5.1A).  

Steady-state mRNA levels for endometrial SLC7A2 were not affected by a day by status 

interaction (P > 0.1) and day (P = 0.2), but affected by status (P < 0.05), showing higher 

endometrial mRNA levels in pregnant ewes.  In cyclic ewes, SLC7A2 mRNA levels did 

not change, however, for pregnant ewes,  SLC7A2 mRNA levels was increased 3.9-fold 

from Day 10 to Day 14,  increased further 2.6-fold and 4.2-fold on Day 18 and Day 20 

respectively (quadratic effect of Day, P < 0.01; Fig. 5.1B). 

 

Localization of SLC7A1, SLC7A2 and SLC7A3 mRNAs in Ovine Uteri and Conceptuses 

(Experiments 1 and 2) 

 

In situ hybridization analyses was used to detect SLC7A1, SLC7A2, and SLC7A3 

mRNAs in a cell-specific manner in uteri or uteri and conceptuses of cyclic and pregnant 

ewes, respectively. SLC7A1 mRNA was most abundant in uterine LE/sGE and GE on 

Day 16 of the estrous cycle and on Days 16 to 20 of pregnancy, and, in conceptuses, 

expression was very low between Days 13 and 18 of pregnancy (Fig. 5.2).  SLC7A2 

mRNA in LE/sGE was increasingly abundant in LE/sGE between Days on Days 14 to 

20 of pregnancy, but did not change in the estrous cycle.  Notably, SLC7A2 mRNA 
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could be detectable in uterine enodmetrium in two of five ewes at Day 14 of the estrous 

cycle, in contrast, SLC7A2 mRNA levels in two of five ewes at Day 14 of pregnancy 

were much weaker than others in the same group (Data not shown).  The later may 

represent the transition between weak expression to strong expression in uterine 

endometrium during the early pregnancy.   SLC7A2 mRNA was weakly expressed in 

trophectoderm and endoderm of conceptuses from Days 13 to 18 of pregnancy (Fig. 5.3).  

In contrast, SLC7A3 mRNA was weakly detectable in LE, GE and stroma in both cyclic 

and pregnant endometria, and trophectoderm and endoderm of conceptuseses (Fig. 5.4).   

 

Effects of P4 and IFNT on SLC7A1 mRNA in Ovine Uterine Endometria (Experiments 3 

and 4) 

 

Short-term treatment of ewes with P4 and/or intra-uterine IFNT to mimic Day 16 

of pregnancy (Experiment 3) did not alter SLC7A1 mRNA expression in ovine uteri.  

There was only a weak signal for SLC7A1 mRNA in uterine LE, GE and stromal cells of 

ewes in all treatment groups (data not shown).  Long-term treatment of ewes with P4 

(Experiment 4) induced expression of SLC7A1 in uterine LE, GE and stromal cells 

which was inhibited by the progesterone receptor antagonist, ZK136.317 (Fig. 5.5).  

Levels of SLC7A1 mRNA in LE and GE uteri of ewes treated with P4+CX were 1.8- and 

1.5- fold higher (P < 0.01), respectively compared to P4+ZK+CX ewes.  IFNT tended to 

stimulate the SLC7A1 mRNA abundance in LE in the presence of P4 (P = 0.057, 

P4+IFNT vs. P4+CX), but not in ewes treated with ZK (P > 0.8, P4+ZK+IFNT vs. 

P4+ZK+CX) (Fig. 5.5B).  SLC7A1 expression in GE was not affected by IFNT (P > 0.1, 

P4+IFNT vs. P4+CX; P > 0.7, P4+ZK+IFNT vs. P4+ZK+CX) (Fig. 5.5C).  These 

results indicate that long-term treatment with P4 induces SLC7A1 expression in 

endometrial GE and LE. 
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FIG. 5.3.  In situ hybridization analysis of SLC7A2 mRNA in endometria from cyclic (C) and pregnant (P) 
ewes.  SLC7A2 mRNA was present in very low amounts in LE/sGE and stroma of cyclic (Days 10 to16) 
ewes, but abundant in LE/sGE of pregnant uteri between on Days 16 to 20 in pregnant ewes, but just 
detectable in trophectoderm and endoderm of conceptuses (Days 13 to 18).  Legend: LE: luminal 
epithelium; GE: glandular epithelium; sGE, superficial glandular epithelium; S: stroma; Tr: 
trophectoderm; En: endoderm. Bar=10 µm. 
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FIG. 5.4.  In situ hybridization analysis of SLC7A3 mRNA in endometria from cyclic (C) and pregnant (P) 
ewes and conceptuses.  SLC7A3 mRNA was detectable in LE/sGE, GE and stromal cells of cyclic (Days 
10 to 16) and pregnant (Days 10 to 20) ewes, as well as trophectoderm and endoderm of conceptuses 
(Days 13 to 18), but did not change due to day of the estrous cycle or pregnancy. Legend:  LE: luminal 
epithelium; GE: glandular epithelium; sGE, superficial glandular epithelium;  S: stroma; Tr: 
trophectoderm; En: endoderm.  Bar=10 µm. 
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FIG. 5.5.  Effects of long-term treatment of ewes with P4 and IFNT on endometrial SLC7A1 mRNA.  [A] 
In situ hybridization analysis detected abundant SLC7A1 mRNA in endometrial LE/sGE, GE and in 
stromal cells of ewes treated with P4+CX or P4+IFNT, but SLC7A1 mRNA was less abundant in uterine 
LE/sGE and GE of ewes treated with P4+ZK+IFN and P4+ZK+CX.  LE: luminal epithelium; GE: 
glandular epithelium; sGE, superficial glandular epithelium; S: stroma. Bar=10 µm.  [B] The optical 
intensity of in situ hybridization signals on SLC7A1 mRNA in uterine LE. Levels of SLC7A1 mRNA in LE 
in P4+CX-treated ewes were 1.5-fold higher (P < 0.01) compared to P4+ZK+CX-treated ewes, and IFNT 
tended to stimulate the SLC7A1 expression in LE (P=0.057, P4+IFNT vs. P4+CX), but not in ewes treated 
with the PGR antagonist (P > 0.8, P4+ZK+IFNT vs. P4+ZK+CX).  The different letters (a,b) denote 
significant differences in steady-state mRNA levels among the four treatment groups.  [C] The optical 
intensity of in situ hybridization signals on SLC7A1 mRNA in glandular epithelia (GE). Levels of SLC7A1 
mRNA in GE of P4+CX-treated ewes were 1.8-fold higher (P < 0.01) than for P4+ZK+CX-treated 
ewes,but values were not affected by IFNT (P > 0.1, P4+IFNT vs. P4+CX; P > 0.7, P4+ZK+IFNT vs. 
P4+ZK+CX ).   
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FIG. 5.6.   Effects of treatment of ewes with P4 and IFNT on endometrial SLC7A2 mRNA.  [A] Slot-blot 
hybridization analysis of steady-state SLC7A2 mRNA in endometria. Endometrial SLC7A2 mRNA 
abundance increased 4.1-fold in response to P4 (P4+CX vs P4+ZK+CX, P < 0.01) and another 1.7-fold in 
response to IFNT (P4+CX vs P4+IFN, P < 0.01).  These effects of P4 and IFNT were blocked by the PGR 
antagonist (P4+ZK+CX vs P4+ZK+IFN, P > 0.1). Data (relative units, RU) are expressed as least-square 
means ± SEM, n = 5. The different letters (a,b,c) denote significant differences in steady-state mRNA 
levels among the four treatment groups.  [B] In situ hybridization analysis of SLC7A2 mRNA indicated 
that P4 induces and IFNT stimulates SLC7A2 abundance only in LE/sGE. LE: luminal epithelium; GE: 
glandular epithelium; sGE, superficial glandular epithelium; S: stroma. Bar=10 µm.  
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P4 Induces and IFNT Stimulates SLC7A2 mRNA in Ovine Uterine Endometria 

(Experiment 3) 

 

The abundance of SLC7A2 mRNA increased 4.1-fold in response to P4 (P4+CX 

vs. P4+ZK+CX, P < 0.01) and another 1.7-fold in response to IFNT (P4+CX vs P4+IFN, 

P < 0.01), and these effects were blocked by the PGR antagonist (P4+ZK+CX vs 

P4+ZK+IFN, P > 0.10) (Fig. 5.6A).  In situ hybridization analyses revealed that the 

effects of P4 and IFNT on SLC7A2 mRNA abundance were specific to endometrial 

LE/sGE (Fig. 5.6B).  The results indicate that SLC7A2 is induced by P4 and stimulated 

by IFNT in ovine uterine LE/sGE during early pregnancy. 

 

Discussion 

 

Arginine is hypothesized to play an important role in conceptus growth and 

development [89].  In most animals, including sheep, citrulline (the precursor of Arg) is 

synthesized from Gln and Pro in enterocytes of the small intestine [45].  However, this 

synthetic pathway is absent from uteri, placenta and endometria in sheep [247].  Thus, 

Arg in uterine fluid must be derived from maternal blood and/or tissue fluid via transport 

through the vascular endothelium and uterine epithelia.  During the preimplantation 

stage of pregnancy,  the down-regulation of tight and adherent junctions in endometrial 

luminal epithelium by progesterone facilitates the selective serum and tissue fluid 

transudation into uterine lumen [166].  To our knowledge, this is the first report of 

temporal and spatial (cell-type) changes in expression of System y+ amino acid 

transporters in ovine uteri and conceptuses.  Results of the present study indicate marked 

increases in expression of mRNAs for SLC7A1and SLC7A2 in LE/sGE and GE of ovine 

uterine endometria during early pregnancy, while SLC7A3 mRNA was constitutively and 

weakly expressed in uterine GE and stromal cells.  The abundance of SLC7A1, SLC7A2, 

and SLC7A3 mRNAs was low in ovine conceptuses during the peri-implantation period. 

Thus, combined effects of SLC7A1, SLC7A2 and SLC7A3 likely contribute to increased 
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Arg transport into the uterine lumen for subsequent uptake by conceptuses during early 

pregnancy. 

The system y+/CAT members are differentially distributed in organs, cells and 

intracellular compartments.  SLC7A2A was not detected in ovine uterine endometria or 

conceptuses (data not shown), but it is expressed in liver, while SLC7A2B is expressed in 

many cell types in humans.  In contrast, SLC7A1 is absent from the liver in humans and 

expressed ubiquitously in extrahepatic tissues and cells [320].  Available evidence 

indicates that SLC7A3 is mainly distributed in central neurons and peripheral tissues of 

human embryos and adults [323].  The differential expression of these cationic amino 

acid transporters (CATs) suggests that they have different roles in the provision of basic 

amino acids. For example, SLC7A1 is associated with caveolin that contains endothelial 

NO synthase in endothelial cells [324].  Similarly, in macrogphages, SLC7A1 and 

SLC7A2B may be responsible for transporting Arg into exchangeable cationic amino 

acid pools for use by inducible NO synthase [325].  Whether colocalization of SLC7A1 

and caveolin-like protein or the association of CAT family members with specific 

isoforms of NO synthase, exist in uterine endometria is unknown.  In addition, the 

unique function and subcellular localization of other CAT members is unclear, although 

subcellular localization of CATs may be essential for cationic amino acid transport 

through placenta [326].  

Results of both in vivo and in vitro studies indicate complex 

compartmentalization of Arg metabolism in mammals due to cell- and organ-specifc 

expression of proteins involved in Arg transport, synthesis, and catabolism [45].  In 

human placentae, System y+ and System y+L transporters are distributed on the 

maternal-facing basal membrane and System y+L is also present on the fetal-facing basal 

membrane [327].  This differential distribution of CATs may be responsible for 

relatively low rates of Arg transport from placenta to fetus compared to transport from 

uterus to placenta in sheep [294].  Interestingly, both SLC7A1 and SLC7A2 expression 

were more abundant in uterine endometria than in peri-implantation conceptuses in the 

present study (Figs. 5.2, 5.3), whereas SLC7A3 was consistently, but weakly, expressed 
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in both uterine endometria and conceptuses (Fig. 5.4).  Currently, we could not perform 

further studies on the CAT proteins in ovine uterus and conceptuses due to the lack of 

antibodies for CAT.  It is possible that other CATs may contribute to the uptake of Arg 

by conceptuses.  Future studies are warranted to test this hypothesis. 

Most recently, we found that total Arg in the uterine lumen increased in pregnant, 

but not cyclic ewes between Days 10 and 16 post-estrus or mating [305].  Strikingly, 

concentrations of Arg in uterine fluid increased 10-fold between Days 10 and 15 of 

pregnancy.  Similarly, concentrations of other cationic amino acids (lysine, histidine and 

ornithine) in ovine uterine fluid increased markedly during the peri-implantation period 

of pregnancy [305]. In this present study, the ovine endometrial SLC7A1 and SLC7A2 

mRNA levels were increased 3.0-fold and 4.2-fold from Day 10 to Day 16 of pregnancy 

respectively (Fig. 5.1).  These studies indicate increases in endometrial SLC7A1 and 

SLC7A2 expression contribute largely to the increased total Arg in uterine luminal fluid 

during early pregnancy and other cationic amino acid transporters may also play a role in 

the Arg transport into uterine lumen.  Because concentrations of Arg in ovine maternal 

plasma do not change substantially during pregnancy [242], an increase in the rate of 

Arg transport across uterus is necessary to provide sufficient Arg to meet the need for 

rapid growth and elongation of conceptuses during the peri-implantation period.  Thus, 

enhancement of CAT expression and Arg transport is likely a crucial event influencing 

pregnancy outcome in mammals.  In support of this view, augmenting Arg availability 

through dietary supplementation to gilts [328] and rats [329] increased availability to 

conceptuses and significantly increased the litter size.  Conversely, in humans, 

intrauterine growth retardation is associated with reduced activity and expression of the 

System y+/hCAT-1 and y+/hCAT-2B in umbilical vein endothelial cells [330].  In 

addition, recently it has been reported that autophagic degradation within early embryos 

is essential for preimplantation development in mammals [331].  However, autophagy is 

dramatically induced under starvation conditions [332].  The increased expression of 

endometrial SLC7A1 and SLC7A2, coordinate increased availability of Arg in ovine 
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uterine lumen and weak expression of SLC7A1, SLC7A2 and SLC7A3 in ovine conceptus 

may rule out possible functions of these transporters in conceptus autophagy.    

There are marked changes in circulating levels of steroid hormones and cytokines 

during pregnancy.  However, little is known about endocrine regulation of expression of 

amino acid transporters in the uterus or conceptus.  Of note, there are reports that IFN 

gamma (a Type II interferon), interleukin-6 [333] and lipopolysaccharide [334] stimulate 

SLC7A1 and SLC7A2 expression as well as L-arginine uptake in cells through the p38 

MAPK pathway.  A novel and important finding from the present study is that IFNT 

increases SLC7A1 and SLC7A2 expression in the uterus.  Beginning on Day 10 of 

pregnancy, IFNT (the pregnancy recognition signal in ruminants) is produced by 

mononuclear cells of ovine conceptus  trophectoderm [335] and, SLC7A2 expression in 

LE/sGE increased from Day 13 of pregnancy (data not shown).  This coincidence 

suggests that P4 can induce and IFNT can further stimulate SLC7A2 expression in ovine 

endometrial LE/sGE in closest proximity to conceptus trophectoderm.  Further, SLC7A1 

mRNA levels were most abundant on Day 16 of the estrous cycle when circulating 

concentrations of estradiol peak before ovulation and expression of estrogen receptors 

are increasing in uterine epithelia [129].  Estrogen can increase eNOS activity, while 

SLC7A1 and eNOS are colocalized in endothelial cells [324, 336] and ovine uterine 

endometria (Chapter VII).  Thus, estradiol may be involved in increasing SLC7A1 

expression in ovine uteri.  On the other hand, effects of P4 on SLC7A1 expression in 

ovine uteri required continuous treatment of ewes with P4 for 20 days (Experiment 4).  

Similarly, expression of SPP1[337, 338], STC1[148], UTMP [70] and GRP [142] in the 

ovine uterus requires long-term treatment with P4; however, the underlying mechanism 

is unknown.  In addition, the increase in endometrial SLC7A1 mRNA between Days 16 

and 20 of pregnancy is coordinate with onset of production of placental lactogen (CSH1) 

by binucleate cells of ovine conceptus trophectoderm [336].  This may indicate that 

SLC7A1, like SPP1 [125], UTMP [70] and other genes, are under the control of a 

servomechanism involving the timely interplay of estrogen, P4, IFNT, placental lactogen 

and placental growth hormone.  It is worth noting that the long term effectgs of P4, with 



 

 

 112 
  
 

or without intra-uterine IFNT, could not be blocked by the PGR antagoinist (Fig. 5.5A). 

Future studies are required to elucidate the underlying mechanisms which control 

SLC7A1 and SLC7A2 expression in ovine uteri.   

In conclusion, results of the present study revealed temporal and spatial 

expression of SLC7A1, SLC7A2, and SLC7A3 in ovine uteri and conceptuses.  

Expression of SLC7A1 in LE and GE, and SLC7A2 in LE and sGE were stimulated by 

P4 and/or IFNT and enhanced during early gestation in association with increased 

amounts of Arg and other basic acids in uterine fluid.  These coordinate changes in 

expression of these cationic amino acid transporters likely are important for conceptus 

survival, growth and development.  These novel findings may contribute to prevention 

from early pregnancy loss and improvement of reproductive performances in human and 

mammals.  

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

 113 
  
 

CHAPTER VI 

EXPRESSION OF NEUTRAL AND ACIDIC AMINO ACID TRANSPORTERS 

IN OVINE UTERI AND PERI-IMPLANTATION CONCEPTUSES*  

 

Introduction 

 

Amino acids play important roles in conceptus (embryo/fetus and associated 

placental membranes) growth and development [204, 339] through effects on 

trophectoderm proliferation, differentiation, migration and implantation [10, 44], as well 

as fetal programming and genomic imprinting [89] that have long-term developmental 

consequences for fetal and postnatal health [23, 89].   We reported significant increases 

in free amino acids, including Leu, Arg, Gln, Gly, Ser, Ala, Cys and Glu in uterine 

flushings of pregnant compared to cyclic ewes during the peri-implantation period [305]  

when there is rapid elongation and growth of conceptuses, particularly trophectoderm 

[5].  Although there are reports on amino acid transporters in human [27, 229, 340, 341] 

and ovine placentae [342], little is known about their temporal and cell-specific 

expression or factors that affect temporal and spatial changes in their expression in the 

uterine endometrium or conceptus to increase delivery of specific amino acids to support 

development of the conceptus.  

The amino acid transporters in the placenta are classified according to their 

structure and preference for substrate [27] as summarized in Table 2.2.  Among these 

transporters, the ASC and N systems preferentially transport Gln and other neutral amino 

acids, the L system primarily transports branched-chain amino acids, the XAG
- system 

mainly transports Glu and Asp and systems y+L and y+  prefer the transport of Arg and 

Lys [27, 224-227]. Because the transport of amino acids across the plasma membrane 

represents the first step in their utilization by cells [204], amino acid transporters 

                                                 
* Reprinted with permission from Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in 
the ovine uterine lumen: IV. Neutral and acidic amino acid transporters in ovine uterus and peri-
implantation conceptuses.  Biol Reprod published 29 January 2009; PMID: 19176878.  Copyright 2009 by 
the Society for the Study of Reproduction, Inc. 
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regulate concentrations of free amino acids in cells and tissues including the placenta 

and endometrium [228].  Additionally, some amino acid transporters may have other 

roles.  For example, SLC1A5 functions as a binding protein for syncytin and mediates 

cytotrophoblast fusion during placental morphogenesis [231]. Interestingly, expression 

of SLC1A5, SLC1A3 and SLC3A2 [solute carrier family 3 (activators of dibasic and 

neutral amino acid transport), member 2] are up-regulated by FRAP1 (FK506 binding 

protein 12-rapamycin associated protein 1, also known as mTOR, mammalian target of 

rapamycin) in cells and tissues [232-234] including the human placenta [235].  Reduced 

levels of these transporters are associated with intrauterine growth retardation [236].   

Recently, we have reported results of our studies of cationic amino acid 

transporters indicating that major transporters for basic amino acids (SLC7A1 and 

SLC7A2) in ovine endometria increased during the peri-implantation period  in response 

to progesterone (P4) and interferon tau (IFNT), the pregnancy recognition signal [343] in 

ruminants.  In the present study, we hypothesized that: 1) temporal and spatial 

expression of major transporters for neutral and acidic amino acids occurs in ovine 

uterine endometria and conceptuses during the peri-implantation period; and 2) 

expression of these transporters is regulated by P4 from the corpus luteum (CL) and/or 

IFNT from trophectoderm of the conceptus.   The neutral amino acid transporters 

selected for study were SLC1A4, SLC1A5, SLC3A1, SLC6A14 SLC6A19, SLC38A3, 

SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, SLC43A2), whereas the acidic amino 

acid transporters selected for study were SLC1A1, SLC1A2, SLC1A3) (Full gene names 

from HUGO Gene Nomenclature Committee and their functions are listed in Table 6.1). 
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                                                           TABLE 6.1. Gene name and function of members of Solute Carrier Families 1, 3, 7 and 43 
 

Gene 
Abbreviation 

Full Name of Gene  in HGNC and function 

SLC1A1 a solute carrier family 1 (neuronal/epithelial high affinity glutamate transporter, system Xag), 
member 1 

SLC1A2 * solute carrier family 1 (glial high affinity glutamate transporter), member 2 
SLC1A3 * b solute carrier family 1 (glial high affinity glutamate transporter), member 3 
SLC1A4 a,d solute carrier family 1 (glutamate/neutral amino acid transporter), member 4 
SLC1A5 a,b,d solute carrier family 1 (neutral amino acid transporter), member 5 

SLC3A1 * solute carrier family 3 (cystine, dibasic and neutral amino acid transporters, activator of 
cystine, dibasic and neutral amino acid transport), member 1 

SLC6A14 * solute carrier family 6 (amino acid transporter), member 14 
SLC6A19 * d solute carrier family 6 (neutral amino acid transporter), member 19 
SLC7A5 b,d solute carrier family 7 (cationic amino acid transporter, y+ system), member 5;  transport large 

neutral amino acid 
SLC7A6 * d solute carrier family 7 (cationic amino acid transporter, y+ system), member 6; transport 

cationic and neutral amino acids 
SLC7A8 a,d solute carrier family 7 (cationic amino acid transporter, y+ system), member 8; transport  large 

and small neutral amino acids 
SLC38A3 * solute carrier family 38, member 3; transport glutamine, histidine, and asparagine 
SLC38A4 * b solute carrier family 38, member 4; transport alanine, histidine, glutamine etc. 

SLC38A6 c solute carrier family 38, member 6; transport neutral amino acids 
SLC43A2 a,d solute carrier family 43, member 4; transport large neutral amino acids 

                                  *Weak to undetectable in uterine endometrial epithelia; 
                         aDetectable in endometrial luminal, superficial glandular and/or glandular epithelia; 
                         bExpression most abundant in endometrial stroma; 
                         cDetected in unidentified cells in endometrial stroma that appeared to be macrophages; 
                         dDetected in conceptus trophectoderm and endoderm.                                           
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Materials and Methods  

 

Animals  

 

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the 

presence of vasectomized rams and used in experiments after they had exhibited at least 

two estrous cycles of normal duration (16–18 days).  All experimental and surgical 

procedures were in compliance with the Guide for the Care and Use of Agricultural 

Animals in Teaching and Research and approved by the Institutional Animal Care and 

Use Committee of Texas A&M University. 

 

Experimental Design 

  

Experiment 1.  This experiment provided endometrial tissues to determine effects 

of the estrous cycle and pregnancy on temporal and spatial (cell-specific) expression of 

mRNAs for neutral amino acid transporters (SLC1A4, SLC1A5, SLC3A1, SLC6A14 

SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, and SLC43A2), 

as well as acidic amino acid transporters (SLC1A1, SLC1A2 and SLC1A3).  Ewes were 

assigned randomly on Day 0 (estrus/mating) to cyclic status and mated only to 

vasectomized rams or to pregnant status and mated to intact rams when detected in 

estrus and at 12 h intervals thereafter until the end of estrus.   Ewes were 

hysterectomized (n = 5 ewes/day) on either Day 10, 12, 14 or 16 of the estrous cycle or 

either Day 10, 12, 14, 16, 18 or 20 of pregnancy.  On Days 10 to 16 post-mating, uteri 

were flushed with 20 ml sterile saline and pregnancy was confirmed by the presence of a 

morphologically normal conceptus.  Sections ( 0.5 cm) from the mid-portion of each 

uterine horn ipsilateral to the CL were fixed in fresh 4% paraformaldehyde (prepared in 

PBS, pH 7.2) for 24 h and then in 70% ethanol for 24 h.  The fixed tissues were 

dehydrated through a graded series of alcohol to xylene, and then embedded in Paraplast-

Plus (Oxford Labware, St. Louis, MO).  The remaining endometrium was physically 
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dissected from myometrium, frozen in liquid nitrogen, and stored at –80oC for 

subsequent RNA extraction.  

Experiment 2.  This experiment provided conceptus tissues to determine 

expression of SLC1A4, SLC1A5, SLC3A1, SLC6A14 SLC6A19, SLC38A3, SLC38A4, 

SLC38A6, SLC7A5, SLC7A6, SLC7A8, SLC43A2, SLC1A1, SLC1A2 and SLC1A3 

mRNAs during the peri-implantation period of pregnancy. At estrus (Day 0), ewes were 

mated to a fertile ram.  On Day 13, 14, 15 or 16 of pregnancy (n�5/ewes/day) uteri were 

flushed with sterile Tris buffer (10 mM, pH 7.0), and conceptuses were collected from 

uterine flushings.  On Day 18 of pregnancy, ewes were hysterectomized (n=5 ewes/day) 

and conceptuses were physically separated from uterine tissues.  All conceptuses were 

fixed in fresh 4% paraformaldehyde and then embedded in Paraplast-Plus (Oxford 

Labware, St. Louis, MO) as described for Experiment 1.  

Experiment 3.  This experiment provided endometrial tissues to determine effects 

of long-term (20 days) treatment of ewes with P4 and intrauterine infusions of IFNT on 

SLC1A5 expression.  As described previously [322], cyclic ewes (n=20) were 

ovariectomized and fitted with intrauterine catheters on Day 5 post-estrus.  Ewes were 

then assigned randomly (n=5 ewes/treatment) to receive daily i.m. injections of P4 or P4 

and PGR antagonist (ZK 136,317) and intrauterine infusions of either CX serum proteins 

or IFNT as follows: 1) 50 mg P4 (Days 5-24) and 200 �g CX (control serum proteins) 

(Days 11-24) [P4+CX]; 2) P4 plus 75 mg of ZK136,317 (Days 11-24) and CX serum 

proteins (200 �g) [P4+ZK+CX]; 3) P4 and IFNT (2x107 antiviral units, Days 11 to 24) 

[P4+IFN]; or 4) P4 plus ZK and IFNT [P4+ZK+IFN].  All ewes were hysterectomized 

on Day 25 post-estrus and uteri were processed as described in Experiment 1.   

  

RNA Isolation  

 

Total cellular RNA was isolated from endometrium from the uterine horn 

ipsilateral to the CL (Experiment 1) using Trizol reagent (Gibco-BRL) according to 

manufacturer's recommendations and stored at -80oC.  The quantity and quality of total 
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RNA were determined by spectrometry and denaturing agarose gel electrophoresis, 

respectively.  

 

Cloning of Partial cDNAs for Ovine Endometrial SLC1A4, SLC1A5, SLC3A1, SLC6A14, 

SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC7A8, SLC43A2, 

SLC1A1, SLC1A2 and SLC1A3  

 

Partial cDNAs for ovine endometrial genes SLC1A4, SLC1A5, SLC3A1, 

SLC6A14 SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, SLC43A2 and 

SLC1A1 were amplified by reverse transcription-polymerase chain reaction (RT-PCR) 

using total RNA from uterine endometria collected from ewes hysterectomized on Day 

20 of pregnancy.  A partial cDNA for ovine endometrial SLC7A8 was amplified by RT-

PCR using total RNA from the small intestine of ewes on Day 45 of pregnancy.  A 

partial cDNA for ovine endometrial SLC1A3 was amplified by RT-PCR using total RNA 

from brain of ewes at puberty.  A partial cDNA for SLC1A2 was amplified by PCR using 

a plasmid DNA containing a partial human cDNA (Catalog No. EHS1001-2587261, 

Openbiosystems). The primer designs are listed in Table 6.2. PCR amplification was as 

follows: 1) 95°C for 2 min; 2) 95°C for 30 sec, 50°C for 45 sec, and 72°C for 1 min for 

35 cycles; and 3) 72°C for 7 min.  Partial ovine cDNAs, as shown in Table 6.2, were 

cloned into pCRII using a T/A Cloning Kit (Invitrogen) and their sequences verified 

using an ABI PRISM Dye Terminator Cycle Sequencing Kit and ABI PRISM automated 

DNA sequencer (Perkin-Elmer Applied Biosystems).  
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                               TABLE  6.2. Primer designs for PCR amplification for amino acid transporters. 
 

 
Gene Alias Forward Primer 

(5�	 3�) 
Reverse Primer 

(5�	 3�) 
GenBank Accession 

No. 
Product 

Size (bp) 
SLC1A1 EAAT3 gaagggatgcgactggaag aggcttggacaaggttctca BC151308 455 
SLC1A2 EAAT2 gtacgcgggatcgctaaata cgtgacttcagaccaatgagg AI253284 392 
SLC1A3 EAAT1 aatgcatttgtgctgctcac  agagtctccatggcctctga BC120125 530 
SLC1A4 ASCT1 gagatgctgctccgtatgct cagggccactcctaatacca BC133295 474 
SLC1A5 ASCT2 gatcgtggagatggaggat tgactgcttcgaggatgatg AF334818 476 

SLC3A1 CSNU1, D2H, RBAT tgaagatttccgggaagttg ccgggatttgggtcttattt NM_000341 482 
SLC6A14 ABT0,+ tggagtgttcactgggacaa gctccaactatgagccaagc BC093712 481 
SLC6A19 HND, B0AT1 caacgtgacccaggagaact ttgaacctgtccacaccgta AY591759 486 
SLC7A5 LAT1 tggacttcgggaactaccac caccagaccccaaggaagta NM_174613 496 
SLC7A6 y+LAT-2, LAT3 gagtcccacacccacatacc ggaaaggaaggctggatgat BT025492 450 
SLC7A8 LAT2 gctcctcacatgggtcaact gtggacagggcaacagaaat  AB037669 468 
SLC38A3 G17, SN1 ccttgctgtccagctactcc gcctcgtctttgtcgatctc BC105242 469 
SLC38A4 PAAT, NAT3, ATA3 gaatcctgggcctgtcctat gggcagaggacagggtattt XM_605868 488 

SLC38A6 NAT-1 tccatcccttgtcctctgac aagaatggcgaatccatgag XM_598478 476 
SLC43A2 LAT4 aggctgaaggagtgtgagga gccggtagcagatgaggtag NM_001075546 454 
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In Situ Hybridization Analyses  

 

Cell-specific localization of mRNAs in sections (5 µm) of ovine uteri was 

determined by radioactive in situ hybridization analyses as described previously [310].  

Briefly, deparaffinized, rehydrated, and deproteinated uterine tissue sections were 

hybridized with a [�-35S]-UTP radiolabeled antisense or sense cRNA probe.  After 

hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 

liquid photographic emulsion (Kodak) and exposed at 4°C for 4 weeks.  Slides were 

developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher 

Scientific), and then dehydrated through a graded series of alcohol to xylene. Coverslips 

were then affixed with Permount (Fisher).  Images of representative fields were recorded 

under brightfield and darkfield illumination using a Nikon Eclipse 1000 

photomicroscope (Nikon Instruments Inc.) fitted with a Nikon DXM1200 digital camera. 

In Experiments 3, the relative abundance of SLC1A5 mRNA in uterine LE/sGE 

was measured as optical density using the public domain NIH Image program, ImageJ 

(developed at the U.S. National Institutes of Health and available on the Internet at 

http://rsb.info.nih.gov/nih-image). Briefly, more than six representative areas of the 

uterus from each ewe were photographed in darkfield illumination and the photographs 

saved as TIFF files. The background in the original photograph was filtered by median 

filter, followed by converting to mask using binary function.  With Image Calculator, a 

new photograph was created by combining the original and converted photograph.  After 

setting up the threshold for background, the optical density of hybridization signals in 

endometrial LE/sGE and GE were measured separately. 

 

Slot Blot Hybridization Analysis  

 

Steady-state levels for SLC1A5 mRNA in ovine endometria were assessed by slot 

blot hybridization analysis, as described previously [310], to provide additional support 

for results from in situ hybridization analysis that SLC1A5 mRNA was induced by P4 



 

 

 121 
  
 

and further stimulated by IFNT.  Radiolabeled antisense cRNA probes were generated 

by in vitro transcription with [�-32P]-UTP.  Denatured total endometrial RNA (20 µg) 

from each ewe was hybridized with radiolabeled antisense cRNA probes.  To correct for 

variation in total RNA loading, a duplicate RNA slot membrane was hybridized with 

radiolabeled antisense 18S cRNA (pT718S; Ambion).  Following washing, the blots 

were digested with ribonuclease A, and radioactivity associated with slots quantified 

using a Typhoon 8600 MultiImager (Molecular Dynamics). 

 

Statistical Analyses  

 

All quantitative data were subjected to least-squares regression analyses of 

variance (ANOVA) using the General Linear Models procedures of the Statistical 

Analysis System (SAS Institute).  Slot-blot hybridization data were corrected for 

differences in sample loading using 18S rRNA values as the covariate.  Data from 

Experiment 1 were analyzed for effects of day, pregnancy status (cyclic or pregnant) and 

their interactions. Within pregnancy status, least squares regression analyses were used 

to determine effects of day on endometrial mRNA levels.  Data from Experiments 3 and 

4 were analyzed for effects of treatment.  Preplanned orthogonal contrasts were used to 

determine main effects of treatment.  All tests of significance were performed using the 

appropriate error terms according to the expectation of the mean squares for error.  A P 

value of � 0.05 was considered statistically significant, whereas a P value of 0.06 to 0.10 

was considered to indicate a trend toward significance.  Data are presented as least-

square means (LSM) with SEM.  
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                              TABLE  6.3.  In situ hybridization signals for amino acid transporters. 
 

Uterine endometrium Conceptus 

Intercaruncular Caruncular  Gene 

LE/sGE GE S LE S Tr En 

SLC1A1 +/++/+++ +/++/+++ - +/++/+++ - + ++ 
SLC1A2 +/- +/- +/- +/- +/- +/- +/- 
SLC1A3 +/- +/- +/-, +/++ +/- +/-, /++ +/- +/- 

SLC1A4 -/+/++ -/+/++ +/- -/+/++ +/- + ++ 
SLC1A5 +/-, + +/++ +/++ +/-, + +/- + ++ 
SLC3A1 +/- +/- +/- +/- +/- +/- +/- 
SLC6A14 +/- +/- +/- +/- +/- + + 
SLC6A19 +/- +/- +/- +/- +/- ++ ++ 
SLC7A5 +/-, + +/-, +/++/+++ +/-, +/++/+++ +/-, + +/- +/++ ++/+++ 
SLC7A6 +/- +/- +/- +/- +/- ++ ++ 
SLC7A8 +/-, ++ +/- +/- +/-, ++ +/- + ++ 
SLC38A3 + + +/- + +/- + + 
SLC38A4 + + +/++ + ++ + + 
SLC38A6 - - ++ * - ++* + + 
SLC43A2 +/-, +/++ +/-, +/++ +/-, + +/-, +/++ +/- ++ ++ 

 
 
 
 
 
 
 

 

 

 

Legend:  LE/sGE, luminal and superficial glandular epithelium; GE, glandular epithelium; S, stroma;Tr, trophectoderm; En, 
endoderm; -, intensity of in situ hybridization signal is similar to background in sense slides; +/-, intensity of in situ 
hybridization signal is slightly above background in sense slides; +, ++, +++, intensity of in situ hybridization signal is clearly 
above background in sense slides; * SLC38A6 mRNA was detected only in cells distributed in the stroma which suggests that 
they represent immune cell lineage.   
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FIG. 6.1. Slot-blot hybridization analysis of mRNA levels for SLC1A5 in endometria of cyclic and 
pregnant ewes.  Data (relative units, RU) are expressed as least-square means ± SEM, and there was a day 
by status interaction (P < 0.05) for SLC1A5 mRNA levels.  In cyclic ewes, SLC1A5 mRNA abundance 
increased 2.3-fold from Day 10 to Day 16 (linear effect of day, P < 0.05).   In pregnant ewes, SLC1A5 
mRNA levels increased 2.2-fold between Days 10 and 14, then decreased 2.3-fold to Day 16 (quadratic 
effect of day, P < 0.05).  
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Results 

 

Localization of Neutral and Acidic Amino Acid Transporter mRNAs in Uterine 

Endometrium and Conceptuses (Experiments 1 and 2) 

 

Expression of neutral and acidic amino acid transporters detected by in situ 

hybridization analysis is summarized in Table 6.1. The cell-specific localization of 

mRNAs based on results from in situ hybridization analyses is summarized in Table 6.3 

to indicate relative abundance of each mRNA in the various cells of the uterine 

endometrium.  The mRNAs for SLC1A2, SLC3A1, SLC6A14, SLC6A19, SLC7A6, 

SLC7A8, SLC38A3 and SLC38A6 mRNAs were weakly expressed in uterine LE/sGE, 

GE, and stromal cells.  However, some of these genes were relatively abundant in 

trophectoderm (SLC6A19, SLC7A5, SLC7A6 and SLC43A2) and/or endoderm (SLC1A4, 

SLC1A5, SLC6A19, SLC7A5, SLC7A6, SLC7A8 and SLC43A2) of conceptuses.  

SLC38A6 was only detected in cells with a stromal distribution suggesting immune 

lineage. Expression of SLC1A1 and SLC7A5 were most abundant in LE/sGE or GE 

while SLC1A3, SLC1A5, SLC7A5 and SLC38A4 mRNAs were most abundant in uterine 

stroma.     

 

Temporal and Cell-Specific Changes in Steady-State Levels of SLC1A5 mRNA in Ovine 

Uteri During the Estrous Cycle and Early Pregnancy (Experiments 1 and 2) 

 

Steady-state levels of SLC1A5 mRNA in endometria of cyclic and pregnant ewes 

were affected by a day by pregnancy status interaction (P < 0.05) between Days 10 and 

16 (Fig. 6.1).  In cyclic ewes, SLC1A5 mRNA increased 2.3-fold from Day 10 to Day 16 

(linear effect of day, P < 0.05) and, in pregnant ewes, SLC1A5 mRNA increased 2.2-fold 

from Day 10 to Day 14, decreased 2.3-fold at Day 16 (quadratic effect of day, P < 0.05) 

and did not change thereafter. Results from in situ hybridization indicated that SLC1A5 

mRNA was expressed in uterine epithelia and stromal cells of cyclic ewes with abundant 
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expression in stroma at Day 16 of the estrous cycle (Fig. 6.2A).  However, in contrast to 

the estrous cycle, abundant SLC1A5 mRNA was detected in uterine LE/sGE of pregnant 

ewes between Days 12 and 20 (Fig. 6.2A)  SLC1A5 mRNA was strongly expressed in 

endoderm and weakly expressed in trophectoderm of conceptuses between Day 13 and 

18 of pregnancy (Fig. 6.2A).  

 

Effects of Day of the Estrous Cycle and Pregnancy on SLC1A4 and SLC38A4 mRNAs in 

Ovine Endometria and Conceptuses (Experiments 1 and 2) 

 

In both cyclic and pregnant ewes, SLC1A4 mRNA was expressed weakly in LE, 

sGE and GE between Days 10 and 16; however, its abundance appeared to increase 

slightly in GE between Days 16 and 20 of pregnancy (Fig. 6.2B).  In conceptuses, 

SLC1A4 mRNA abundance increased in both endoderm and trophectoderm between 

Days 13 and 18 of pregnancy, and in binucleate cells of the trophectoderm on  Days 16 

and 18 of pregnancy (Fig. 6.2B).  SLC38A4 mRNA, expressed primarily in uterine 

stromal cells, was more abundant in caruncular than intercaruncular stroma of both 

cyclic and pregnant ewes (Fig. 6.3).  The abundance of SLC38A4 mRNA was very low 

in trophectoderm and endoderm of conceptuses between Days 10 and 20 of gestation 

(Fig. 6.3). 

 

Effects of Day of the Estrous Cycle and Pregnancy on SLC7A5, SLC7A6, SLC7A8 and 

SLC43A2 mRNAs in Ovine Endometria and Conceptuses (Experiments 1 and 2) 

 

In situ hybridization analyses indicated that SLC7A5 mRNA was localized to 

LE/sGE, GE and stromal cells of uterine endometria  of both cyclic and pregnant ewes 

(Fig. 6.4A), but was most abundant in GE and stromal cells on Day 16 of the estrous 

cycle and the GE cells between Days 16 and 20 of pregnancy.  In conceptuses, SLC7A5 

mRNA was abundant in both trophectoderm and endoderm between Days 13 and 16 of 

pregnancy.   
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FIG. 6.2.  In situ hybridization analyses of SLC1A5 and SLC1A4 mRNAs in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] 
SLC1A5 mRNA was detected primarily in uterine GE and stromal cells of cyclic ewes, and LE/sGE, GE and stromal cells of uterine endometrial from 
pregnant ewes.  In conceptuses, SLC1A5 mRNA was strongly expressed in endoderm cells, but weakly expressed in trophectoderm cells at Days 13-20. 
[B] SLC1A4 mRNA was detectable in LE/sGE and GE of both cyclic and pregnant ewes.  In conceptuses, SLC1A4 mRNA was detectable in both 
endoderm and trophectoderm at Days 13-20 of pregnancy, with increasing abundance in the endoderm with the progress of pregnancy.   SLC1A4 mRNA 
was abundant in binucleated cells at Day 16 and 18 of pregnancy. LE: luminal epithelium; sGE, superficial glandular epithelium; GE: glandular 
epithelium; S: stroma; Tr: trophectoderm; En: endoderm; BNC: binuleated cell. Bar=10 µm. 
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FIG. 6.3.  In situ hybridization analysis of SLC38A4 mRNA in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  SLC38A4 was 
primarily expressed in stromal cells of the caruncular region in both cyclic and pregnant ewes. mRNA levels were low at Day 14 of the cycle, 
undetectable at Day 16 of the cycle, and increased during early pregnancy. In contrast, SLC38A4 mRNA levels were very weak in the trophectoderm 
and endoderm of conceptuses at Days 10-20 of gestation.  LE: luminal epithelium; sGE, superficial glandular epithelium; GE: glandular epithelium; S: 
stroma; Tr: trophectoderm; En: endoderm. Bar=10 µm. 
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FIG. 6.4.  In situ hybridization analyses of SLC7A5 and SLC7A8 mRNAs in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] 
SLC7A5 mRNA was primarily localized in LE/sGE, GE and stromal cells in both cyclic and pregnant ewes and in both trophectoderm and endoderm of 
conceptuses between Days 13 and 16 of pregnancy, but was less abunandant on Day 18 of pregnancy.  [B] SLC7A8 mRNA was primarily in uterine 
LE/sGE, GE and stromal cells of both cyclic and pregnant ewes, and was more abundant in endoderm than trophectoderm of conceptuses between Days 
13 and 20 of gestation.  LE: luminal epithelium; sGE, superficial glandular epithelium; GE: glandular epithelium; S: stroma; Tr: trophectoderm; En: 
endoderm. Bar=10 µm. 
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FIG. 6.5. In situ hybridization analyses of SLC43A2 and SLC7A6 mRNAs in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] 
SLC43A2 was primarily localized in uterine LE/sGE and GE of both cyclic and pregnant ewes, but was more abundant in endoderm and trophectoderm 
of conceptuses between Days 13 and 20 of pregnancy.  [B] SLC7A6 mRNA was expressed in very low abundance in uterine LE/sGE, GE and stromal 
cells of cyclic and pregnant ewes, but was abundant in both endoderm and trophectoderm in conceptuses between Days 13 and 20 of pregnancy. LE: 
luminal epithelium; sGE, superficial glandular epithelium; GE: glandular epithelium; S: stroma; Tr: trophectoderm; En: endoderm. Bar=10 µm. 
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FIG. 6.6. In situ hybridization analysis of SLC1A1 mRNA in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  SLC1A1 mRNA was 
primarily localized in LE/sGE and GE in the uterine endometrium of both cyclic and pregnant ewes.  In conceptuses, SLC1A1 mRNA was abundant in 
the endoderm but weakly expressed in the trophectoderm at Day 13-18 of pregnancy.  LE: luminal epithelium; sGE, superficial glandular epithelium; 
GE: glandular epithelium; S: stroma; Tr: trophectoderm; En: endoderm. Bar=10 µm. 
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FIG. 6.7. In situ hybridization analysis of SLC1A3 mRNA in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  SLC1A3 mRNA was 
primarily localized in stromal cells within caruncular regions of the uterine endometrium in both cyclic and pregnant ewes and was weakly expressed in 
the trophectoderm and endoderm, except that expression was high in the endoderm at Days 15 and 16 of pregnancy.   LE: luminal epithelium; GE: 
glandular epithelium; sGE, superficial glandular epithelium; S: stroma; Tr: trophectoderm; En: endoderm. Bar=10 µm. 
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SLC7A8 mRNA was weakly expressed in uteri of cyclic ewes on all days studied 

and in pregnant ewes prior to Day 16 of pregnancy (Fig. 6.4B).  In pregnant ewes, 

SLC7A8 mRNA was most abundant in LE/sGE between Days 16 and 20 and more 

abundant in endoderm than trophectoderm of conceptuses between Days 13 and 18 of 

gestation (Fig. 6.4B). 

SLC43A2 was detected in uterine LE, sGE, GE and stroma of cyclic and pregnant 

ewes (Fig. 6.5A).  In cyclic ewes, SLC43A2 mRNA was most abundant between Days 

10 and 14.  In pregnant ewes, SLC43A2 mRNA levels in LE/sGE increased on Days 14 

and 16 compared with Day 10, and decreased on Days 18 and 20, but did not change in 

GE between Days 10 and 18 of pregnancy.  SLC43A2 mRNA was abundant in endoderm 

and trophectoderm of conceptues from Days 13 to 18 of pregnancy (Fig. 6.5A).  

SLC7A6 mRNA was expressed very weakly in uterine endometria of cyclic and 

pregnant ewes, but abundant in endoderm and trophectoderm of conceptuses between 

Days 13 and 18 of pregnancy (Fig. 6.5B).   

 

Effects of Day of the Estrous Cycle and Pregnancy on SLC1A1 and SLC1A3 mRNAs in 

Ovine Endometria and Conceptuses (Experiments 1 and 2) 

 

SLC1A1 mRNA was most abundant of the amino acid transporter mRNAs 

examined.  SLC1A1 was highly expressed by LE/sGE and GE on Day 10, and then 

decreased to Day 16 in cyclic ewes and to Day 20 in pregnant ewes (Fig. 6.6).  In 

conceptuses, SLC1A1 mRNA was abundant in endoderm, but weakly expressed in 

trophectoderm of conceptuses from Days 13 to 18 of pregnancy.  SLC1A3 mRNA was 

localized to stromal cells of both cyclic and pregnant ewes, but tended to be more 

abundant in caruncular stroma of pregnant ewes on all days studied (Fig. 6.7).  In 

conceptuses, SLC1A3 mRNA was expressed very weakly in trophectoderm, but strongly 

in endoderm from Days 15 and 16 of pregnancy. 
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FIG. 6.8.  Effects of long-term treatment of ewes with P4 and IFNT on endometrial SLC1A5 mRNA.  In 
situ hybridization analysis revealed that long-term treatment of ewes with P4 and IFNT stimulated 
expression of SLC1A5 primarily in uterine LE/sGE, which was inhibited by the progesterone receptor 
antagonist, ZK136.317. LE: luminal epithelium; sGE, superficial glandular epithelium; GE: glandular 
epithelium; S: stroma; Bar=10 µm. [B] Levels of SLC1A5 mRNA in LE/sGE in ewes treated with P4+CX 
were 1.9-fold higher (P < 0.01) compared to P4+ZK+CX treated ewes.   IFNT further enhanced the 
SLC1A5 mRNA level in LE/sGE in the presence of P4 (P < 0.01, P4+IFNT vs. P4+CX), but not in ewes 
treated with ZK (P > 0.1, P4+ZK+IFNT vs. P4+ZK+CX).   

 

 

 

 

 

 



 

 

134 

Long-term Treatment with P4 and IFNT Stimulated SLC1A5 mRNA Expression in 

LE/sGE in Ovine Uterine Endometria (Experiments 3) 

 

Results from both in situ hybridization and slot blot hybridization analyses 

indicated that long-term treatment of ewes with P4 increased expression of SLC1A5 

primarily in uterine LE/sGE, but also in stromal cells to some extent, and that these 

effects were inhibited by the progesterone receptor antagonist, ZK136.317 (Fig. 6.8A).  

SLC1A5 mRNA in uterine LE/sGE of ewes treated with P4+CX was 1.9-fold higher (P < 

0.01) compared to P4+ZK+CX treated ewes and IFNT further increased SLC1A5 mRNA 

abundance in LE/sGE (P<0.01, P4+IFNT vs. P4+CX), but not in ewes treated with ZK 

(P > 0.1, P4+ZK+IFNT vs. P4+ZK+CX) (Fig. 6.8B).  These results indicate that long-

term treatment of ewes with P4 induced and IFNT further stimulated SLC1A5 expression 

in endometrial LE/sGE.  

 

Discussion 

 

Results of this study document temporal and cell-specific expression of most 

known neutral and acidic amino acid transporters in cyclic and pregnant ovine uteri and 

in peri-implantation conceptuses.  This is the first report of uterine expression of 

SLC1A1, SLC1A2, SLC1A3, SLC1A4, SLC1A5, SLC3A1, SLC6A14, SLC6A19, SLC7A5, 

SLC7A6, SLC7A8, SLC38A3, SLC38A4, SLC38A6 and SLC43A2 in any species.  Further, 

results of the present study demonstrate regulation of SLC1A5 expression in ovine 

uterine endometrium by P4, the hormone of pregnancy, and by conceptus derived IFNT.  

These novel findings provide new insight into possible mechanisms whereby amino 

acids are transported into the uterine lumen for nutritional support of 

embryonic/conceptus survival, growth and development.   

There were marked temporal and cell-specific changes in the expression of both 

neutral and acidic amino acid transporters in ovine uteri and peri-implantation 

conceptuses.  Many of the mRNAs of interest, including those for SLC3A1, SLC6A14, 
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SLC6A19, SLC38A3 and SLC1A2, were weakly expressed in most uterine cell types, as 

well as trophectoderm and endoderm of conceptuses, and SLC38A6 was expressed only 

in cells with a stromal distribution suggesting immune lineage.  SLC6A14 was of 

interest because it has been proposed to regulate invasion of blastocysts during 

implantation and to have long-term developmental consequences on conceptus 

development that carry on through adulthood [23].  This transporter can transport leucine, 

Arg and Gln into mouse embryos [17, 23] and these amino acids activate FRAP1 cell 

signaling in embryos [10, 23, 44].  However, SLC6A14 mRNA was weak in both 

trophectoderm and endoderm of ovine conceptuses from Days 13 to 18 of pregnancy 

when they are in the post-blastocyst stage of development. Therefore, the physiological 

function of SLC6A14 is unknown in ovine conceptuses.  Another amino acid transporter 

interest was SLC38A4, a member of the system A gene family that mediates uptake of 

short-chain, neutral, aliphatic amino acids [344] and is a paternally imprinted gene in 

placenta [345].  In placenta, the crosstalk between IGF2, also a paternally imprinted 

gene, and SLC38A4 may affect genetic control of nutrient supply and demand during 

development [346].  Interestingly, like IGF2 [347], SLC38A4 mRNA was primarily 

present in both intercaruncular and caruncular stromal cells of the ovine uterine 

endometrium.   This suggests that IGF2 and SLC38A4 gene products may be involved in 

crosstalk in the uterine endometrium prior to formation of the placenta.  

Another novel and important finding from the current study is that SLC1A5 

expression in the uterine endometrium (mainly LE/sGE) is induced by P4 and further 

stimulated by IFNT.   SLC1A5 is a major Gln transporter in the placenta (Table 2.2), 

human hepatoma cells [348], and rapidly growing epithelial cells [349].  Among all 

amino acids, uptake of Gln by the ovine utero-placental unit is highest during late 

pregnancy [13,14].   SLC1A5 supports high-affinity transport of Gln and other neutral L-

amino acids (e.g., Ala, Cys, Ser and Thr) and acidic amino acids (Glu and Asp) [226].  

However, among these substrates, only Gln enhances SLC1A5 gene transcription and 

translation [350], acting partly via a pathway involving FXR/RXR dimers [351].  In 

ovine uterine flushings, total recoverable Gln increased 20-fold between Days 10 and 16 
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of pregnancy [305] which is coordinate with changes in SLC1A5 mRNA levels in the 

uterine endometrium in the present study (Fig. 6.8).  It is possible that Gln itself 

influences SLC1A5 expression in ovine endometrium in early pregnancy [351].   

We reported that P4 and IFNT enhance expression of several glucose transporters 

(SLC2A1, SLC5A1 and SLC5A11) [352]  and cationic amino acid transporters (SLC7A1 

and SLC7A2) [343] .  Likewise, SLC1A5 (Fig. 6.8) increased in abundance in LE/sGE in 

response to P4 and IFNT.  Similarly, SLC1A5 expression in LE/sGE was most abundant 

between Days 14 and 20 of pregnancy, likely due to actions of P4 and IFNT (Fig. 6.2A).  

Therefore, expression of these amino acid transporters by LE/sGE at the interface 

between the maternal uterine endometrium and conceptus trophectoderm likely mediate 

maternal/conceptus transfer of amino acids in response to effects of P4 and IFNT.   

Aspartate and glutamate in ovine uterine flushings increases 9- to 10-fold 

between Days 10 and 14 of gestation and remains elevated to Day 16 [305].  Results of 

the present study demonstrated that SLC1A1, SLC1A2 and SLC1A3, system XAG
- amino 

acid transporters, are expressed in the ovine uterine endometrium.  SLC1A1, SLC1A2 

and SLC1A3 proteins were identified in rat [353] and human placentae [354, 355] as 

transporters of acidic amino acids.  Interestingly, the ovine uterus exhibits a distinct 

pattern of expression for the system XAG
- transporters (Figs. 6.6, 6.7).  SLC1A1 mRNA 

was localized to LE/sGE and GE while SLC1A2 mRNA was expressed weakly in most 

ovine uterine cell types, whereas SLC1A3 mRNA was expressed mainly in caruncular 

and intercaruncular uterine stromal cells.  Evidence from studies of rat and human 

placentae indicate that system XAG
- transporter proteins may exert different functions 

depending on their localization [353, 354].  In addition, endometrial expression of  

SLC1A1 decreased between Days 10 and 14, but then increased on Day 16 of the cycle, 

with the increase on Day 16 occurring at a period when secretion of estradiol by ovarian 

follicles and expression of estrogen receptors in the uterine epithelia both increase 

during proestrus [129].  Indeed, there is a report that SLC1A1 expression in the brain is 

not regulated by estrogen [356].  In pregnant ewes in which estradiol receptors are not 
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expressed in uterine epithelia [44], SLC1A1 expression in uteri of pregnant ewes 

decreased between Days 10 to 18 of pregnancy (Fig. 6.6). 

Although expression patterns for the system L members of the large neutral 

amino acid transporters such as SLC7A5, SLC43A2 and SLC7A8 were variable, SLC7A5 

and SLC43A2 likely account for increases in Leu transport into the uterine lumen during 

early pregnancy [305]; however, further studies on temporal and cell-specific changes in 

location of these amino acid transporters and their activities are required to assess this 

hypothesis.  Hormonal regulation of system L transporters has not been reported; 

however, results of the present study do not indicate that P4 and/or IFNT directly affect 

abundance of system L transporters (SLC7A5, SLC7A8, and SLC43A2) in the ovine 

uterus (data not shown).   There is evidence that platelet-derived growth factor increases 

SLC7A5 mRNA and protein expression, and Leu transport [232], presumably via the 

FRAP1 cell signaling pathway.   It is not known if Leu activates expression of Leu 

transporters; however, leucine increases expression of system A amino acid transporters 

[357] and SLC1A5 [233].  In addition, glutamine deprivation stimulates Leu uptake [358] 

and SLC7A5 expression [233].  A proposed reciprocal regulatory link among FRAP1, 

SLC7A5 and SLC1A5 has been proposed [230] needs to be explored in ovine uteri and 

conceptuses. 

Collectively, findings of the present study indicate that amino acid transporters 

are differentially expressed in a temporal and cell-specific manner in uteri, as well as 

trophectoderm and endoderm of peri-implantation conceptuses in sheep.  In bovine 

blastocysts, overall utilization of amino acids was greater for inner cell mass (ICM) than 

trophectoderm [217].  Thus, amino acid transporters in endoderm of ovine conceptuses, 

especially parietal endoderm lining the trophectoderm may be responsible for the 

transport of amino acids to meet requirements of the ICM.  Consistent with this 

hypothesis, expression of SLC1A4, SLC1A5 SLC7A5, SLC7A8 and SLC1A1 mRNAs 

were much greater in endoderm than trophectoderm of ovine conceptuses.  Further, 

temporal and cell-specific expression of both neutral amino acid (SLC1A4, SLC1A5, 

SLC3A1, SLC6A14 SLC6A19, SLC38A3, SLC38A4, SLC38A6, SLC7A5, SLC7A6, 



 

 

138 

SLC7A8, SLC43A2) and acidic amino acid transporters (SLC1A1, SLC1A2, SLC1A3) in 

the ovine uterus and conceptus during the peri-implantation period identified key 

transporters of neutral and acidic amino acids.  Of these mRNAs, SLC1A5 mRNA was 

identified as another gene product induced by P4 and further stimulated by IFNT in the 

ovine uterus. Future studies will focus on mechanisms whereby these amino acids 

influence development of trophectoderm, endoderm and inner cell mass in humans and 

mammals.   
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CHAPTER VII 

NITRIC OXIDE SYNTHASE, GTP CYCLOHYDROLASE AND ORNITHINE 

DECARBOXYLASE IN OVINE UTERI AND PERI-IMPLANTATION 

CONCEPTUSES* 

 

Introduction 

 

L-Arginine, a nutritionally essential amino acid for the conceptus (embryo/fetus 

and associated membranes [89], is catabolized to nitric oxide (NO) and polyamines 

(putrescine, spermidine, and spermine) which are important for implantation [91, 92, 

244], embryonic survival and development, as well as trophoblast outgrowth and cell 

migration [10, 44].  After implantation, NO plays an important role in regulating utero-

placental-fetal blood flow and transfer of nutrients and oxygen from mother to fetus 

[93]. As the key regulators of DNA and protein synthesis and scavengers of reactive 

oxygen species [94], polyamines regulate cell proliferation and differentiation [95]. 

Thus, NO and polyamines are essential to angiogenesis and embryogenesis, as well as 

fetal-placental growth [99].  In support of this view, we recently reported that total 

recoverable Arg in uterine luminal fluid of ewes increased 8-fold between Days 10 and 

16 of pregnancy [305]. 

Nitric oxide synthase (NOS) and ornithine decarboxylase (ODC1) are key 

enzymes in the synthesis of NO and polyamines from L-arginine, respectively [89].  NO 

can be produced by neuronal (NOS1), inducible (NOS2) and endothelial (NOS3) 

isoforms of NOS.  These NOS isoforms, encoded by distinct genes [359], affect 

physiological functions, cellular compartments, and regulation of function through cell 

signaling pathways [107].  Tetrahydrobiopterin (BH4) is an essential cofactor for all 

NOS isoforms through its allosteric, structural, and redox-active effects [108]. GTP 

                                                 
* Reprinted with permission from Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in 
the ovine uterine lumen: V. Nitric oxide synthase, GTP cyclohydrolase, and ornithine decarboxylase in 
ovine uterin and periimplantation conceptuses. Biol Reprod published 25 February 2009; PMID: 
19246319.  Copyright 2009 by the Society for the Study of Reproduction, Inc. 
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cyclohydrolase (GCH1) catalyzes the first and rate-controlling step in de novo synthesis 

of BH4 [109].  The enzyme ODC1 catalyzes decarboxylation of ornithine to yield 

putrescine, which is subsequently converted to spermidine and spermine [110]. 

To date, different isoforms of NOS have been identified in endometria of mice 

[101], rats [102] and mares [103] during the estrous cycle and humans [104, 360] during 

the menstrual cycle, pregnancy or pre- and postmenopausal stages.  Among these species 

of mammals, the various isoforms of NOS exhibit differential temporal and spatial 

expression in uterine endometrium [52, 101-104, 361-363] and respond differentially to 

regulation of expression in response to progesterone and/or estrogen [52, 101, 364-368].  

In sheep, activities of NOS3 and NOS2 increase in the placenta and uterine endometria 

during early and mid-gestation [46], while ODC1 activity peaks in mid-pregnancy in the 

placenta and uterine endometrium [105].  However, little is known about changes in 

gene expression of key enzymes for NO and polyamine syntheses in uterine endometria 

or conceptus in ruminants, including sheep, during the peri-implantation period.  The 

present study was conducted to test the hypothesis that expression of NOS, GCH1 and 

ODC1 in ovine uterine endometria and conceptus is affected by pregnancy status, 

progesterone (P4), and interferon tau (IFNT).  

 

Materials and Methods 

Animals  

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the 

presence of vasectomized rams and used in experiments only after they had exhibited at 

least two estrous cycles of normal duration (16 to 18 days).  All experimental and 

surgical procedures were in compliance with the Guide for the Care and Use of 

Agriculture Animals  and approved by the Institutional Animal Care and Use Committee 

of Texas A&M University. 
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Experimental Designs  

 

Experiment 1.  Ewes were assigned randomly on Day 0 (estrus/mating) to cyclic 

status and mated only to vasectomized rams or to pregnant status and mated to intact 

rams when detected in estrus and at 12 h intervals thereafter until the end of estrus.  

Ewes were hysterectomized (n = 5 ewes/day per status) on either Day 10, 12, 14 or 16 of 

the estrous cycle or Day 10, 12, 14, 16, 18 or 20 of pregnancy as described previously 

[308]. On Days 10 to 16 of pregnancy, each uterus was flushed with 20 ml sterile saline 

and pregnancy was confirmed by the presence of a morphologically normal conceptus in 

the uterine flush. Sections ( 0.5 cm) from the mid-portion of each uterine horn ipsilateral 

to the corpus luteum (CL) were fixed in fresh 4% paraformaldehyde in PBS (pH 7.2) for 

24 h and in 70% ethanol for 24 h. The fixed tissues were dehydrated through a graded 

series of alcohol to xylene, and then embedded in Paraplast-Plus (Oxford Labware, St. 

Louis, MO). The remaining endometrium was physically dissected from myometrium, 

frozen in liquid nitrogen, and stored at –80 C for subsequent RNA extraction. 

Experiment 2.  At estrus (Day 0), ewes were mated to fertile rams.  On Days 13, 

14, 15 and 16 of pregnancy (n�5 ewes per day), uteri were flushed with sterile Tris 

buffer (10mM, pH 7.0), after ewes were subjected to a mid-ventral laparotomy to expose 

the uterus, and conceptuses were collected from uterine flushings.  On Days 18 and 20 of 

pregnancy, ewes were hysterectomized (n=5 ewes/day) and conceptuses were physically 

separated from uterine tissues.  All conceptuses were fixed in fresh 4% 

paraformaldehyde in PBS (pH 7.2) and then embedded in Paraplast-Plus (Oxford 

Labware, St. Louis, MO) as described in Experiment 1.  

Experiment 3.  Twenty cyclic ewes were ovariectomized and fitted with 

intrauterine catheters on Day 5 post-estrus as described previously [138].  Ewes were 

assigned randomly (n = 5 ewes/treatment) to receive daily i.m. injections of P4 (Sigma 

Chemical Co.) or P4 and a progesterone receptor (PGR) antagonist (ZK 136,317; 

Schering AG, Berlin, Germany) and intrauterine infusions of either control serum 

proteins or recombinant ovine interferon tau (IFNT) as follows: 1) 50 mg P4 (P4; Days 
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5–16) and 200 µg control (CX) serum proteins (Days 11–16; P4+CX); 2) P4 and 75 mg 

of ZK 136 317 (Days 11–16) and CX proteins (200 µg; P4+ZK+CX); 3) P4 and IFNT (2 

x 107 antiviral units, Days 11–16; P4+IFN); or 4) P4 and ZK and IFNT (P4+ZK+IFN). 

The recombinant ovine IFNT was prepared in a yeast bacterial system and assayed for 

biological activity using an antiviral assay [129], and control serum proteins and IFNT 

were prepared for intra-uterine injections as described previously [309]. All ewes were 

hysterectomized approximately 12 h after the last injection and uteri processed as 

described for Experiment 1.  

 

RNA Isolation 

  

Total cellular RNA was isolated from frozen endometrium from the uterine horn 

ipsilateral to the CL (Experiment 1) and from intrauterine infused horns (Experiment 3) 

using Trizol reagent (Gibco-BRL) according to manufacturer's recommendations. The 

quantity and quality of total RNA was determined by spectrometry and denaturing 

agarose gel electrophoresis, respectively. 
  

Cloning of Partial cDNAs for Ovine NOS1, NOS2, NOS3, GCH1, and ODC1 

  

Partial cDNAs for ovine NOS1, NOS2, NOS3, GCH1, and ODC1 mRNAs were 

amplified by RT-PCR using total RNA from endometrium from ewes on Day 20 of 

pregnancy. The primer designs are presented in Table 7.1. PCR amplification was as 

follows: 1) 95°C for 2 min; 2) 95°C for 30 sec, 50°C for 45 sec, and 72°C for 1 min for 

35 cycles; and 3) 72°C for 7 min. Partial ovine NOS1, NOS2, NOS3, GCH1, and ODC1 

cDNAs were cloned into pCRII using a T/A Cloning Kit (Invitrogen) and their 

sequences were verified using an ABI PRISM Dye Terminator Cycle Sequencing Kit 

and ABI PRISM automated DNA sequencer (Perkin-Elmer Applied Biosystems). 
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TABLE 7.1. Primer designs for PCR amplification for NOS, GCH1 and ODC1. 

Gene Forward Primer 

(5�	 3�) 

Reverse Primer 

(5�	 3�) 

GenBank 
Accession No. 

Product 
Size (bp) 

NOS1 gcagcctgtgatgtgttctg acttgaaggcctggaagatg XM_616253 478 

NOS2 tcagagccacgatcctcttt gggatctcaatgtggtgctt AF223924 475 

NOS3 cacctaccacctccgagaga gagctctggagcctcatctg AF201926 424 

GCH1 aggaggacaacgagctgaac tttctgcactcctcgcatta XM_001251704 500 

ODC1 actcatgcagcaattccaga aggtcacaacactaagcttttgg NM-002539 450 

 

Slot Blot Hybridization Analyses  

 

Steady-state mRNA levels for NOS1, NOS3, GCH1, and ODC1 mRNAs in ovine 

endometria from Experiments 1 and 3 were assessed by slot blot hybridization as 

described previously [310].  Radiolabeled antisense cRNA probes were generated by in 

vitro transcription with [�-32P]-UTP.  Denatured total endometrial RNA (20 µg) from 

each ewe was hybridized with radiolabeled antisense cRNA probes.  To correct for 

variation in total RNA loading, a duplicate RNA slot membrane was hybridized with 

radiolabeled antisense 18S cRNA (pT718S; Ambion).  Following washing, the blots 

were digested with ribonuclease A, and radioactivity associated with slots quantified 

using a Typhoon 8600 MultiImager (Molecular Dynamics).  

 

In Situ Hybridization Analyses  

 

Localization of NOS1, NOS2, NOS3, GCH1, and ODC1 mRNA in sections (5 

µm) of the ovine uteri and conceptuses was determined by radioactive in situ 

hybridization analysis as described previously [310].  Briefly, deparaffinized, rehydrated, 

and deproteinated uterine tissue sections were hybridized with a [�-35S]-UTP 

radiolabeled antisense or sense cRNA probe.  After hybridization, washing, and 
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ribonuclease A digestion, slides were dipped in NTB-2 liquid photographic emulsion 

(Kodak) and exposed at 4°C for 1-4 weeks.  Slides were developed in Kodak D-19 

developer, counterstained with Gill hematoxylin (Fisher Scientific), and then dehydrated 

through a graded series of alcohol to xylene. Coverslips were then affixed with Permount 

(Fisher).  Images of representative fields were recorded under brightfield and darkfield 

illumination using a Nikon Eclipse 1000 photomicroscope (Nikon Instruments Inc.) fitted 

with a Nikon DXM1200 digital camera.  

 

Immunohistochemical Analyses  

 

Immunohistochemical localization of NOS1, phosphorylated NOS1, NOS3, 

phosphorylated NOS3, GCH1, and ODC1 proteins in ovine uteri and conceptuses was 

performed as described previously [311] in tissue sections from Experiments 1 through 3 

with rabbit anti-rat NOS1 polyclonal IgG (Catalog No. 610310, BD Transduction, 

Franklin Lakes NJ, rabbit anti-phosphorylated NOS1(Ser 852) polyclonal IgG (Catalog 

No. sc19826-R, Santa Cruz Biotechnology, Santa Cruz, CA ), mouse anti-NOS3 

polyclonal IgG (Catalog No. 610297, BD Transduction),  rabbit anti-phosphorylated 

NOS3 (Ser 1177) polyclonal IgG (Catalog No. 9571, Cell Signaling, Danvers, MA), 

rabbit anti-rat GCH1 polyclonal IgG (produced by Drs. C. J. Meininger and G. Wu, 

Texas A&M University) and purified on Protein A/G Spin Kit (Catalog No. 89980, 

Thermo Scientific), and rabbit anti-ODC1 polyclonal IgG (Catalog No. HPA001536, 

Atlas Antibodies AB, Stockholm, Sweden) at final concentrations of 2 µg/ml, 2 µg/ml, 1 

µg/ml, 2 µg/ml, 2 µg/ml and 0.5 µg/ml, respectively.  Antigen retrieval was performed 

by using boiling sodium citrate buffer (0.01M, pH 6.0), and purified rabbit or mouse IgG 

was used as a negative control to replace the primary antibody at the same final 

concentration. Purified non-relevant rabbit IgG at the same concentration was used as a 

negative control.  Immunoreactive protein was visualized in sections using the 

VECTASTAIN ABC KIT (Catalog No. PK-6101 for Rabbit IgG and PK-6102 for 

Mouse IgG, Vector Laboratories Inc. Burlingame CA) according to kit instructions and 
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3,3’-diaminobenzidine tetrahydrochloride (Catolog No. D5637 Sigma-Aldrich, St. Louis 

MO) as the color substrate.  Sections were not counterstained before affixing coverslips. 
 

Statistical Analyses  

 

All quantitative data were subjected to least-squares regression analyses of 

variance (ANOVA) using the General Linear Models procedures of the Statistical 

Analysis System (SAS Institute).  Slot-blot hybridization data were corrected for 

differences in sample loading using 18S rRNA values as the covariate.  Data from 

Experiment 1 were analyzed for effects of day, pregnancy status (cyclic or pregnant) and 

their interactions. Within pregnancy status, least squares regression analyses were used 

to determine effects of day on endometrial mRNA levels.  Data from Experiments 3 

were analyzed for effects of treatments.  Preplanned orthogonal contrasts were used to 

determine main effects of treatment.  All tests of significance were performed using the 

appropriate error terms according to the expectation of the mean squares for error.  A P 

value of 0.05 or less was considered significant, whereas a P value of 0.06 to 0.10 was 

considered to indicate a trend toward significance.  Data are presented as least-square 

means (LSM) and standard errors of the means (SEM).  
 

Results 

 

Effects of Day of the Estrous Cycle and Early Pregnancy on NOS1, NOS2, NOS3, GCH1 

and ODC1 mRNAs in Ovine Endometria and Conceptuses  

 

Slot-blot hybridization analyses revealed temporal changes in steady-state levels 

of mRNAs for NOS1, NOS3, GCH1, and ODC1 in uterine endometria during the estrous 

cycle and early pregnancy.  Endometrial NOS1 mRNA levels were affected by day and 

day by pregnancy status interaction (P < 0.05; Fig. 7.1A).  In cyclic ewes, endometrial 

NOS1 mRNA was most abundant on Days 10 and 12, and then decreased to Day 16 
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(linear effect of day, P < 0.001).  In pregnant ewes, NOS1 mRNA levels decreased from 

Days 10 to 14 and remained low to Day18 and then increased 1.7-fold to Day 20 

(quadratic effect of day, P < 0.001) (Fig. 7.1A).   

Steady-state levels for endometrial NOS3 were not affected by a day by 

pregnancy status interaction (P = 0.4).  Endometrial NOS3 mRNA abundance was not 

affected by day of the estrous cycle (P = 0.2), whereas NOS3 decreased 1.5-fold between 

Days 12 and18, and then increased 1.5-fold to Day 20 (cubic effect of day, P < 0.05) 

during pregnancy (Fig. 7.1B).   

Steady-state levels of endometrial GCH1 mRNA were affected by status (P < 

0.01) due to higher levels in pregnant than cyclic ewes, but effects of day (P = 0.4) and 

day by pregnancy status interaction (P = 0.7) were not detected (Fig. 7.1C). 

Steady-state levels for endometrial ODC1 mRNA (Fig. 1D) were affected by day 

of both the estrous cycle and pregnancy (P < 0.001), but not by pregnancy status (P = 

0.18) or day by pregnancy status interaction (P = 0.21).  In cyclic ewes, ODC1 mRNA 

levels decreased from Days 10 to 14 and then increased 2.4-fold to Day 16 (quadratic 

effect of day, P < 0.01).  In pregnant ewes, ODC1 mRNA levels also decreased from 

Days 10 to 14 and then increased 1.9-fold between Days 14 and 16, and another 1.4-fold 

from Day 16 to Day 20 (quadratic effect of day, P < 0.05).    

In situ hybridization analyses determined cell-specific expression of NOS1, 

NOS2, NOS3, GCH1, and ODC1 mRNAs in uteri of cyclic and pregnant ewes, as well as 

peri-implantation conceptuses (Figs. 7.2, 7.3, 7.4).  NOS1 mRNA was detected primarily 

in uterine luminal epithelium (LE) and shallow glandular epithelium (sGE) of cyclic and 

pregnant ewes, and was in very low abundance in extra-embryonic endoderm and 

trophectoderm of conceptuses between Days 14 and 20 of pregnancy (Fig. 7.2A).  NOS1 

mRNA was most abundant in LE/sGE on Days 10 and 12 of the estrous cycle and Day 

10 of pregnancy, then decreased in abundance thereafter up to Day 16 in both cyclic and 

pregnant ewes, but its expression increased in sGE and GE between Days 18 and 20 of 

pregnancy.  
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FIG. 7.1.  Slot-blot hybridization analyses of steady-state levels of mRNAs for NOS1, NOS3, GCH1 and 
ODC in endometria of cyclic and pregnant ewes.  [A] NOS1 mRNA levels were affected by day, status 
and their interaction (Days 10-16, P < 0.05).  NOS1 mRNA levels were affected by day of both the estrous 
cycle (linear effect of day, P < 0.001) and pregnancy (quadratic effect of day, P < 0.001).  [B] NOS3 
mRNA levels were not affected by day in cyclic ewes, but were affected by day in pregnant ewes (cubic 
effect of day, P < 0.05). [C] GCH1 mRNA levels were higher in pregnant than cyclic ewes (P < 0.01, but 
there were no effects of day (P = 0.4) and day by status interaction (P = 0.7).  [D] ODC1 mRNA levels 
were affected by day of the estrous cycle (quadratic effect of day, P < 0.01) and pregnancy (quadratic 
effect of day, P < 0.05). Data (relative units, RU) are expressed as LSM+ SEM. 
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FIG. 7.2.  In situ hybridization analyses for NOS1 and NOS3 mRNAs in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] NOS1 
mRNA was detected in LE/sGE and GE of cyclic and pregnant ewes, as well as in extra-embryonic endoderm and trophectoderm of conceptuses 
between Days 14 and 18 of pregnancy.  [B] NOS3 mRNA was weakly detected in LE, GE and stroma of both cyclic and pregnant ewes, and abundant in 
endothelial cells of blood vessels on Days 14 and 16 of the estrous cycle. NOS3 mRNA was also weakly detected in the extra-embryonic endoderm and 
trophectoderm in conceptuses. Legend:  LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; EN,  
endothelial cell; Tr, trophectoderm; En, endoderm.  Bar = 10 µm. 
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FIG. 7.3. In situ hybridization analysis of NOS2 mRNA in endometria from cyclic (C) and pregnant (P) 
ewes and conceptuses. NOS2 mRNA was weakly detectable in LE/sGE, GE and stromal cells of cyclic 
(Days 10 to 16) and pregnant (Days 10 to 20) ewes.  Notably, abundant NOS2 mRNA was seen in 
unidentified cells in caruncular stroma adhered to conceptus trophectoderm on Day 20 of pregnancy (see 
higher magnification).  NOS2 mRNA was expressed in trophectoderm and endoderm of conceptuses (Days 
13 to 18) with abundance being greater at Days 14-16 of pregnancy. Legend:  LE: luminal epithelium; GE: 
glandular epithelium; sGE, superficial glandular epithelium;  S: stroma; Tr: trophectoderm; En: endoderm.  
Bar=10 µm. 
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FIG. 7.4. In situ hybridization analyses of GCH1 and ODC1 mRNAs in endometria of cyclic (C) and pregnant (P) ewes and in conceptuses.  [A] GCH1 
mRNA was abundant in the endoderm and trophectoderm of conceptuses at Days 13 to 15 of pregnancy, but less abundant between Days 16 and 20 of 
pregnancy. GCH1 mRNA was weakly detectable the uterine endometria of cyclic and pregnant ewes on all days.  [B] ODC1 mRNA was abundant in 
the LE/sGE and GE of cyclic ewes, and LE/sGE of pregnant ewes, as well as endoderm and trophectoderm of conceptuses between Days 13 and 18 of 
pregnancy.  Legend:  LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, 
endoderm. Bar = 10µm. 
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FIG. 7.5.  Immunohistochemical localization of NOS1, Ser852 phosphorylated NOS1(p-NOS1), NOS3 and Ser1177 phosphorylated NOS3 (p-NOS3) 
proteins in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] NOS1 protein, [B] p-NOS1, [C] NOS3 protein and [D] p-NOS3 
were detectable in uterine LE/sGE and GE in both cyclic and pregnant ewes and trophectoderm and endoderm of conceptuses at Days 13-18 of gestation.  
Legend: LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm. Bar = 
10 µm. 
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The abundance of mRNAs for NOS3 (Fig. 7.2B) were very low in LE, GE, 

stroma and endothelial cells of blood vessels in both cyclic and pregnant ewes, however, 

NOS3 mRNA was detectable in endothelial cells of the blood vessels on Days 14 and 16 

of the estrous cycle as shown at at high magnification in uterine endometrium from ewes 

at Day 14 of the estrous cycle (Fig. 7.2B).   NOS3 mRNA was abundant in extra-

embryonic endoderm and trophectoderm (Fig. 7.2B).    

NOS2 mRNA was barely detectable in LE, GE and stroma of cyclic and pregnant 

ewes. Notably, abundant NOS2 mRNA was seen in unidentified cells in caruncular 

stroma adhered to conceptus trophectoderm on Day 20 of pregnancy (shown in higher 

magnification in Fig. 7.3).  NOS2 mRNA was expressed in trophectoderm and endoderm 

of conceptuses (Days 13 to 18) with abundance being greater at Days 14-16 of 

pregnancy (Fig. 7.3).  

GCH1 mRNA abundance was low, but dectectable, in all endometrial cell types 

in both cyclic and pregnant endometrial (Fig. 7.4A).  In contrast, GCH1 mRNA was 

abundant in endoderm and trophectoderm of conceptuses from Days 13 to 15 of 

pregnancy, but much less abundant after Day 16 of pregnancy (Fig. 7.4A).  

ODC1 mRNA was most abundant in LE/sGE, but also detectable in GE of cyclic 

and pregnant ewes ewes (Fig. 7.4B).  ODC1 mRNA was abundant in the endoderm and 

trophectoderm of conceptuses and increased in trophectoderm between Days 14 and 18 

of pregnancy (Fig. 7.4B).    

 

Immunohistochemical Analysis of NOS1, p-NOS1, NOS3, p-NOS3, GCH1 and ODC1 

Protein in Ovine Endometria and Conceptuses 

 

Immunoreactive NOS1 protein was detectable in uterine LE/sGE and GE on 

Days 10 and 12 of the estrous cycle and pregnancy, but was lower in abundance on Days 

14 to16 of both the estrous cycle and pregnancy.  On Days 18 and 20 of pregnancy, 

NOS1 protein was detectable in LE/sGE and GE (Fig. 7.5A).  Immunoreactive Ser852 

phosphorylated NOS1 protein (p-NOS1) was abundant in LE/sGE and GE on Day 10, 
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decreased in abundance on Days 12 and 14 and then increased to Day 16 of the estrous 

cycle.  In pregnant ewes, p-NOS1 protein was abundant in LE/sGE and GE, and  

underwent similar temporal changes to the estrous cycle between Days 10 and16.  

Protein expression remained abundant through Day 20 of pregnancy in LE/sGE and GE 

(Fig. 7.5B).  In conceptuses, immunoreactive NOS1 protein and p-NOS1 protein were 

present in both extra-embryonic endoderm and trophectoderm between Days 10 and 18, 

but were less abundant in endoderm (Figs. 7.5A, 7.5B). 

Immunoreactive NOS3 protein was detected at high levels in uterine LE/sGE, 

GE and stroma on Day10 of the estrous cycle.  Protein expression in LE/sGE, GE and 

stromal cells decreased between Days 10 and 12, but was maintained in all cell types 

through Day 16 of the cycle (Fig. 7.5C).  In pregnant ewes, NOS3 protein was abundant 

in LE/sGE, GE and stroma on Days 10 and 12, but decreased thereafter (Fig. 7.5C).  

Immunoreactive Ser1177 phosphorylated NOS3 protein (p-NOS3) was detected in 

LE/sGE and GE on Days 10 and 12 of the estrous cycle and pregnancy, but generally 

decreased thereafter in cyclic and pregnant ewes (Fig. 7.5D).  In conceptuses, 

immunoreactive NOS3 protein and p-NOS3 protein were detected in trophectoderm, and 

to a lesser extent in extra-embryonic endoderm, between Days 10 and 18 (Figs. 7.5C, 

7.5D).  Immunostaining for p-NOS3 was strong in nuclei of trophectoderm cells on Days 

13 to 15, but weak on Days 16 and 18 of gestation as shown in the panel at higher 

magnification for conceptuses from Days 15 and 16 (Fig. 7.5D). 

Immunoreactive GCH1 protein was abundant in uterine LE/sGE and GE on Days 

10 and 12 of the estrous cycle, but decreased thereafter to Day16 (Fig. 7.6A).  In 

pregnant ewes, GCH1 protein was detectable in low abundance in LE/sGE and GE 

between Days 10 and 20 of pregnancy (Fig. 7.6A).  In conceptuses, immunoreactive 

GCH1 protein was very abundant in the nuclei of trophectoderm cells, but was low in 

endoderm on Days 13 and 14.  Protein was detected primarily in the cytoplasm of both 

trophectoderm and endoderm between Days 15 and 18 (Fig. 7.6A).  
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FIG. 7.6.   Immunohistochemical localization of GCH1 and ODC1 proteins and corresponding 
phosphorylated proteins in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  [A] GCH1 
protein and [B] ODC1 were detectable in uterine LE/sGE and GE in both cyclic and pregnant ewes and 
trophectoderm and endoderm of conceptuses at Days 13-18 of gestation.  Legend: LE, luminal epithelium; 
sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, 
endoderm. Bar = 10 µm. 
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FIG. 7.7.  Effects of P4 and IFNT on NOS1 expression in ovine endometria.  [A] Endometrial NOS1 
mRNA levels increased 1.8-fold in response to P4 (P4+CX vs P4+ZK+CX, P < 0.05) and decreased in 
response to IFNT (P4+CX vs P4+IFN, P < 0.01) and these effects were blocked by the PGR antagonist 
ZK (P4+ZK+CX vs P4+ZK+IFNT, P = 0.5).  Different letters denote significant differences among the 
treatments.  [B] In situ hybridization analysis of NOS1 mRNA revealed that P4 stimulated and IFNT 
inhibited NOS1 expression in endometrial LE/sGE and shallow GE.  [C-D] Immunohistochemical analysis 
of total NOS1 [C] and p-NOS1 proteins [D]. Total NOS1 and p-NOS1 proteins appeared most abundant in 
ewes treated with P4 and lowest in those treated with both P4 and ZK.  In the presence of P4, IFNT 
appeared to reduce total NOS1 p-NOS1 protein levels.  In addition, overall P4 appeared to have the 
greatest effect on p-NOS1 abundance in endometrial LE/sGE and GE.  Legend: LE, luminal epithelium; 
sGE, superficial glandular epithelium; GE, glandular epithelium; S, stroma. Bar = 10µm.  
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Immunoreactive ODC1 protein was abundant in uterine LE/sGE and GE between 

Days 10 and 16 of the estrous cycle and most abundant in LE/sGE and GE of pregnant 

ewes between Days 10 and 16 after which time abundance decreased to Day 20.  ODC1 

protein was also detectable in stromal cells in uterine endometrium of both cyclic and 

pregnant ewes. In conceptuses, ODC1 protein was abundant in both trophectoderm and 

endoderm between Days 13 and 18 of pregnancy (Fig. 7.7B).   

 

 P4 Stimulates and IFNT Inhibits Expression of NOS1 

 

NOS1 mRNA levels differed between cyclic and pregnant ewes (day x status, P < 

0.02; quadratic effect of day of pregnancy, P < 0.01) (Fig. 7.1A); therefore, effects of P4 

and IFNT on steady-state levels of NOS1 mRNA were determined.  Steady-state levels 

of endometrial NOS1 mRNA increased 1.8-fold in response to P4 (P4+CX vs 

P4+ZK+CX, P < 0.05), but decreased in response to IFNT (P4+CX vs P4+IFN, P < 

0.01) and these effects were blocked by the PGR antagonist ZK (P4+ZK+CX vs 

P4+ZK+IFNT, P=0.5; Fig. 7.7A).  In situ hybridization (Fig. 7.7B) revealed that effects 

of P4 and IFNT on NOS1 mRNA were primarily confined to endometrial LE/sGE and 

shallow GE.  P4 also enhanced the levels of total NOS1 protein (Fig. 7.7C) and Ser-852 

phosphorylated NOS1 protein (Fig. 7.7D).  The stimulatory effect of P4 on NOS1 

protein was inhibited by ZK (P4+CX vs P4+ZK+CX).  In the presence of P4, IFNT 

reduced total NOS1 protein and Ser-852 phosphorylated NOS1 protein (P4+CX vs 

P4+IFN).   

 

P4 Stimulates GCH1 mRNA and Protein 

 

Expression of GCH1 mRNA (Fig. 7.4) and protein (Fig. 7.6) were affected by 

pregnancy status; therefore, effects of P4 and IFNT on steady-state levels of the 

endometrial GCH1 mRNA were examined.  GCH1 mRNA was 2.4-fold higher (P < 0.01) 

in ewes treated with P4+CX versus P4+ZK+CX, and 4.0-fold higher (P < 0.01) in ewes 



 

 

157 

treated with P4+IFNT than P4+ZK+IFN (Fig. 7.8A).  There was no difference in GCH1 

expression between ewes treated with P4+CX and P4+IFNT (P = 0.8) (Fig. 7.8A).  In 

situ hybridization analysis revealed that P4 increased mRNA (Fig. 7B) and protein (Fig. 

7.8C) for GCH1 primarily in endometrial LE/sGE and GE and that this effect was 

blocked by the PGR antagonist.  

 

Discussion 

 

We previously reported significant increases in Arg in the uterine lumen of ewes 

between Days 12 and 16 of pregnancy [305], as well as temporal and cell-specific 

changes in expression of transporters for Arg in uterine endometrium and conceptuses 

[343]. As the next step in these studies, we report, for the first time, developmental 

changes in expression of key enzymes responsible for synthesis of NO and polyamines 

(see Fig. 7.9) in uterine endometria of cyclic and pregnant ewes and peri-implantation 

conceptuses.  The present work also provides initial evidence for effects of early 

pregnancy (peri-implantation stage), P4 and IFNT on endometrial expression of NOS1, 

NOS3, GCH1 and ODC1 expression.  An important finding of this study is that NOS1 

mRNA and protein were more abundant in uterine endometria of ewes treated with P4, 

but this effect was inhibited by IFNT.  This is the first example of a P4-stimulated gene 

being suppressed by IFNT.  Although the mechanism is not known, the inhibitory effect 

of IFNT requires P4 as this inhibitory effect of P4 did not occur in ewes treated with the 

PGR antagonist.  A second important finding is that NOS3 mRNA and protein were 

expressed in ovine uterine endometria independent of effects of P4 and IFN, but 

expression was abundant in peri-implantation conceptuses.  Finally, GCH1 and ODC1 

mRNAs and protein were detected in ovine uterine endometria and conceptuses with P4 

stimulating expression of GCH1, but not ODC1.  It is important to note that GCH1 is the 

key enzyme in de novo synthesis of BH4, an essential cofactor for NOS activity, so 

GCH1 expression is critical for appropriate activity of NOS in support of implantation. 

In the case of ODC1 mRNA  and  protein,  relatively  constant  translation of  mRNA  to  
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FIG. 7.8.  Effects of P4 and IFNT on GCH1 expression in ovine endometria.  [A]  Endometrial GCH1 
mRNA in endometria was 2.4-fold higher (P < 0.01) in ewes treated with P4+CX than ewes treated with 
P4+ZK+CX, and 4.0-fold higher (P < 0.01) in ewes treated with P4+IFNT than ewes treated with 
P4+ZK+IFN.  However, there was no difference in values from ewes treated with P4+CX and P4+IFNT 
(P = 0.8).  Different letters denote significant differences among the treatments. [B] In situ hybridization 
analysis of GCH1 mRNA detected effects of P4 and IFNT on GCH1 mRNA primarily in endometrial LE/ 
sGE and GE.  [C] Immunohistochemical analysis of GCH1 protein suggested that P4, in the presence or 
absence of IFNT, stimulated GCH1 protein expression primarily in endometrial LE/ sGE and GE.  
Legend: LE, luminal epithelium; sGE, superficial glandular epithelium; GE, glandular epithelium; sGE, 
superficial glandular epithelium; S: stroma. Bar = 10µm.  
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protein may be required since the half-life of ODC1 protein is about 11 min [369] and its 

abundance is regulated through degradation [370]. 
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FIG. 7.9.  Nitric oxide and polyamine synthesis from L-arginine.  Arginine can be converted to NO by 
NOS (NOS1, NOS2A and NOS3).  BH4 is known to be an essential cofactor for NO synthesis, and GCH1 
catalyzes the first and rate-controlling step in de novo synthesis of BH4.  L-ornithine, another product of 
arginine by arginase, can be converted to putrescine, spermine, and spermidine by ODC1, a rate-limiting 
enzyme in the polyamine-synthetic pathway.  Both NO and polyamines are able to regulate implantation, 
conceptus survival and development.   P4 promotes NO production in ovine uterine endometria by 
stimulating NOS1 and GCH1 expression, while IFNT inhibits endometrial NOS1 expression.  In addition, 
P4 may also promote NO production via  NOS2A and NOS3 by stimulating GCH1 expression and 
increasing the availability of BH4.  Legend: NO, nitric oxide; NOS, nitric oxide synthase; BH4, 
Tetrahydrobiopterin; GCH1, GTP cyclohydrolase; ODC1, ornithine decarboxylase.  
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NOS1 mRNA [102] and protein [52, 53] are present in nerve fibers in uteri of 

nonpregnant rats, but the protein is not detectable during pregnancy or at birth [52] due 

to the denervation of the uterus during pregnancy [361].  Interestingly, NOS1 protein 

was not detectable in rat uteri [362], possibly due to limited antigenicity of the rat NOS1 

protein to the antiserum used [371].  Results of the present study indicate expression of 

NOS1 in ovine endometria (Fig. 7.1) which suggests species difference in uterine NOS1 

mRNA expression.  Among the three isoforms of the NOS, NOS1 was the most abundant 

in ovine endometria (Fig. 7.1), but NOS2 has been reported to be the most highly 

expressed in rat uteri [102], while NOS2 and NOS3 are more abundant in the uteri of 

mice [101].  Also of interest is the observation that the phosphorylated form of NOS3 

decreased in uterine epithelia after Day 12 of the estrous cycle and pregnancy which 

corresponds to the time of loss of expression of progesterone receptors in those cells 

[35]. 

There were marked changes in the temporal-spatial expression of NOS2 and 

NOS3 in uterine endometrium of cyclic and early pregnant ewes (Figs. 7.1, 7.2).  Both 

NOS2 and NOS3 proteins have previously been reported in ovine placenta and uteri in 

late pregnancy [363].  In that study, NOS3 protein was detected in endothelial cells, as 

well as uterine LE and GE in intercaranclar areas of uterine endometrium [363], while 

NOS2 was most abundant in stromal cells, mainly macrophage/monocyte lineage cells, 

in intercarancular areas and its abundance did not change during late pregnancy [363, 

371].  This expression pattern for NOS3 in uterine endometrium of late pregnant ewes 

[363] is consistent with that for mice [101], rats [102], mares [103] and humans [104].  

Pattens of expression for NOS2 appear to be inconsistent among these different species 

[101].  Because expression of NOS2 in uterine endometia of cyclic and early pregnant 

ewes is low to undetectable and not affected by pregnancy status, P4 or IFNT, there is 

little evidence to suggest that NOS2 plays a significant role in NO synthesis in ovine 

uteri during early pregnancy.   Rather, NOS1 and NOS3 most likely influence NO 

synthesis in endometria of cyclic and pregnant ewes. 
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Progesterone and estradiol-17� (E2) can regulate uterine NOS activity in 

different species, including pigs [365], rats [52, 364, 366, 367] and mice [101].  In 

general, effects of estrogen on NOS expression is tissue-specific, isoform-specific and 

possibly species-specific.  For example, E2 inhibits NOS2, but stimulates NOS3 

expression in rat uteri [366].  In the mouse uterus, E2 enhances expression of both NOS2 

and NOS3 in LE, GE, and stroma, whereas P4 stimulates expression of both NOS2 and 

NOS3 in most cell types, but suppresses expression of NOS2 in LE [101].  In rat uteri, P4 

up-regulates NOS2 expression and NO production [367].  Novel findings from the 

present study are that P4 and IFNT, two key hormones that drive events of early 

pregnancy in sheep, influence expression of NOS1 and NOS3 in ovine uteri, and that 

peri-implantation conceptuses express nonposphorylated and phosphorylated forms of 

NOS1 and NOS2.  In contrast to findings from studies of pregnant mice [101], levels of 

NOS2 mRNA in ovine endometria were not different between Days 10 and 20 of 

gestation (see Fig. 7.3); however, expression of ovine NOS2.in caruncular stromal cells 

adherent to the conceptuses at Day 20 of pregnancy may be comparable to abundant 

expression of NOS2 expression in the primary decidual zone surrounding implanting 

mouse embryos on Day 6 of pregnancy [101],  Thus, NOS2 may be more involved in 

event associated with placentation.   In addition, NOS3 mRNA was more abundant in 

endothelial cells of the endometrium on Days 14 and 16 of the estrous cycle when 

concentrations of E2 in the circulation increase during proestrus and estrus, which is 

consistent with reports that E2 enhances NOS3 expression in myometrium, caruncles and 

endometrium of ovariectomized ewes [368, 372].  Besides E2,  P4 alone or P4 and E2 

can stimulate NOS3 protein in endothelial cells of the uterine arteries [373, 374].  This 

suggests that regulation of NOS3 expression is hormone and cell type-specific in ovine 

uteri.  In ovariectomized ewes, P4, IFNT and their combination did not affect expression 

of NOS2 or NOS3 mRNA and, in fact, the abundance of NOS3 protein and its 

phosphorylated form decreased in uterine endometria after Day 10 of the estrous cycle 

and pregnancy, but were abundant in conceptuses between Days 13 and 18 of pregnancy 

(see Figs. 7.2, 7.5).  Thus, regulation of NOS expression in the uteri of mammals is 
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highly variable between species, but expression in the conceptus is more consistent 

between species, and therefore, may be more relevant physiologically for conversion of 

Arg to NO. 

It is very interesting that P4 stimulated and IFNT inhibited NOS1 expression (see 

Fig. 7.7).  In pregnant ewes, secretion of IFNT begins on Day 10 and reaches highest 

levels on Day 16 of pregnancy [335] and, during this period, NOS1 mRNA and protein 

decreased.  Further, both total NOS1 and p-NOS1 protein tended to increase in uterine 

LE/sGE and GE between Days 16 and 20 as production of IFNT began to decrease.  The 

increase in abundance of inhibitory p-NOS1 between Days 16 and 20 of gestation may 

be to suppress effects of an overall increase in total NOS1 protein.  These results 

indicate that NOS1 expression may be regulated at transcriptional, translational and post-

translational levels.  In support of this suggestion, interferon gamma reduces expression 

of NOS1 mRNA and protein [375] and p-NOS1 [376].  Likewise, the abundance of 

endometrial NOS1 mRNA and protein decreased in the present study after Days 10 to 12 

of pregnancy, whereas the abundance of p-NOS1 protein was greatest between Days 16 

and 20 of pregnancy).  The inhibitory effects of IFNT may be of physiological 

significance as too much NO, a potent oxidant, could oxidize macromolecules and 

damage cellular organelles [113, 377] to affect survival of the conceptus [114].   

Although the mechanism by which P4 and IFNT regulate the expression of NOS1 is 

unknown, it must be explored in future studies.  

Although BH4 is an essential cofactor for NO synthesis in cells and tissues [106], 

including human placenta [378], little is known about regulation of its synthesis in 

conceptuses or endometria of any species during the peri-implantation period.  Changes 

in BH4 availability alone may be physiologically sufficient to affect an increase in NO 

production in endothelial cells [359] and we reported that GCH1 activity is correlated 

positively with NO production in ovine placentae and uterine endometria between Days 

30 and 140 of pregnancy [46].   Results from the present study extend knowledge of 

GCH1 expression in uterine endometria of cyclic and early pregnant ewes.  There were 

no detectable changes in endometrial GCH1 mRNA due to day of the estrous cycle (Fig. 
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3A); however, GCH1 protein was readily detectable on Days 10 and 12 of the estrous 

cycle and, importantly, between Days 10 and 20 of pregnancy (Fig. 7.6A).  Similarly, 

GCH1 protein is less abundant in endothelial cells of diabetic rats in which GCH1 

protein changes occur without changes in GCH1 mRNA indicating that GCH1 

expression may be regulated at transcriptional and translational levels [359].  GCH1 

mRNA in endometrium was detectable by in situ hybridization and changes in 

immunoactive protein were obvious (Fig. 7.5A).  Since GCH1 gene expression was 

stimulated by P4 in the presence and absence of IFNT (Fig. 7.8), but endometrial GCH1 

protein was not affected by day of pregnancy (Fig. 7.1C), factors of either conceptus or 

maternal origin, including various cytokines [113], may affect expression of GCH1 

protein in endometria of pregnant ewes.  During mid- to late-pregnancy in ewes, NO 

synthesis in both placental and endometrial tissue is positively correlated with total NOS 

activity, GCH1 activity and concentrations of BH4 and NADPH [46]. The underlying 

mechanisms, including those responsible for dynamic changes of GCH1 activity need to 

be elucidated.  GCH1 expression, at the mRNA and protein levels, was very abundant in 

conceptuses between Days 13 and 18 of pregnancy.   As for NOS, the uterus [305, 343] 

may be responsible for transport of Arg into the uterine lumen for metabolism by ODC1 

protein for synthesis of polyamines required for growth and development of 

conceptuses. 

Physiological concentrations of polyamines (putrescine, spermidine, and 

spermine) are key regulators of implantation [96], angiogenesis, early embryogenesis, 

placental trophoblast growth, and embryonic development [97, 98].  ODC1, a rate-

limiting enzyme in the polyamine-synthetic pathway in mammalian cells, converts 

ornithine (a product of Arg hydrolysis by arginase) into putrescine, which is 

subsequently converted into spermidine and spermine by spermidine synthase and 

spermine synthase, respectively [110].  However, little is known about ODC1 expression 

in uterine endometria of species other than mice [96].  In mice, Odc1 expression is weak 

in endometrial LE, but abundant in subluminal stroma at implantation sites [96].  In the 

present study, both ODC1 mRNA and protein were abundant in uterine LE, sGE and GE 
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of cyclic and pregnant ewes (Figs. 7.4, 7.6) which suggests differences in expression of 

ODC1 in species with varying types of implantation.  Ruminants have a protracted peri-

implantation period [5] compared to rodents.  Therefore, temporal and cell-specific 

changes in expression of ODC1 may favor secretion of polyamines into the uterine 

lumen to effect growth and development of pre-implantation conceptuses. Progesterone 

stimulates uterine ODC1 activity in hamsters [379] and, in the present study, expression 

of ODC1 mRNA is weak (Fig. 7.4), but ODC1 protein (Fig. 7.6B) is readily detectable 

in uterine LE/sGE and GE between Days 10 and 20 of pregnancy and Days 10 to 14 of 

the estrous cycle. Moreover, the half-life of ODC1 protein is about 11 min in liver [369] 

and many factors can regulate its rate of degradation [370].  

In conclusion, mRNA and protein levels for NO synthases (NOS1, NOS3), 

GCH1, and ODC1 genes, as well as phosphorylated forms of NOS1 and NOS3 in ovine 

uterine endometria and conceptuses undergo temporal and spatial changes during 

pregnancy.  In addition, expression of some of these key genes for NO and polyamine 

syntheses is coordinately regulated by P4 and/or IFNT in a cell-specific manner.   We 

previously reported preferential transport of Arg into the lumen of the pregnant uterus 

[305].  Results of the present study indicate that ovine uteri and conceptuses express key 

genes for conversion of Arg into NO and ODC1 to affect vascular changes in the 

conceptus and uterus, as well as ODC1 for production of poylamines required for cell 

and tissue growth.  Both of these functions are critical to growth and development of 

conceptuses, implantation and survival of conceptuses in mammals. 
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CHAPTER VIII 

THE EXPRESSION OF IGF2 IN OVINE UTERI AND PERI-IMPLANTATION 

CONCEPTUSES*  

 

Introduction 

 

IGFs (IGF1 and IGF2) stimulate proliferation, differentiation, migration and 

aggregation and inhibit apoptosis in a variety of cell types, thus they also play a critical 

role in the fetal-placental development in many species including humans, nonhuman 

primate, mice, cow, sheep and pigs [74-81].  Both the uterus [78, 81] and the conceptus 

[39, 85] are sources of IGF2.  IGF2 regulates embryo/conceptus development from very 

early stage when the embryo resides in the oviduct [86] and facilitates the nutrient 

transports in the placenta [76, 87] during the mid-and late pregnancy due to the nature of 

paternally imprinted genes in fetus and placenta [88].  In contrast, altered expression of 

IGF2 in trophoblast reduced fetal-placental growth and decreased passive permeability 

for placental exchange of nutrients in mice [76] and compromised perinatal outcome 

including high incidence of intrauterine growth restriction, premature delivery, and 

preeclampsia in humans [75].  Thus, IGF2 plays a critical role in the fetal-placental 

development and functions.  

In different cell types, it is well-known that IGFs mediate their effects by binding 

to specific cell membrane receptors, the type I and type II IGF receptors (IGF1R and 

IGF2R), but primarily from activation of the IGF-IR [82] and by mediating the 

mitogenic effects of growth hormone [83, 84].  However, to date, the mechanisms by 

which IGF2 regulates fetal-placental development remain unknown.  Limited studies 

indicated that IGF2 translation may be regulated by FRAP1 signaling, and possibly 

                                                 
* Part of the data reported in Fig. 8.1 in this chapter is reprinted with permission from Kim J, Song G, Gao 
H, Farmer JL, Satterfield MC, Burghardt RC, Wu G, Johnson GA, Spencer TE, Bazer FW. Insulin-like 
growth factor 2 (IGF2) activates PI3K-AKT1 and MAPK cell signaling pathways and stimulates 
proliferation and migration of ovine trophectoderm cells. Endocrinology 2008; 149: 3085-3094.  
Copyright 2008 by The Endocrine Society. 
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feedback to FRAP1 signaling [35, 38, 40].  As a step in the study of FRAP1 signaling in 

ovine conceptus development, we determined the expression of IGF2 in peri-

implantation conceptuses, placentomes and uteri in the early, mid- and late-pregnancy of 

sheep.   

 

Materials and Methods  

 

Animals  

 

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the presence of 

vasectomized rams and used in experiments after they had exhibited at least two estrous 

cycles of normal duration (16–18 days).  All experimental and surgical procedures were 

in compliance with the Guide for the Care and Use of Agricultural Animals in Teaching 

and Research and approved by the Institutional Animal Care and Use Committee of 

Texas A&M University. 

 

Experimental Designs  

 

Experiment 1.  This experiment determined temporal and spatial (cell-specific) 

changes in IGF2 mRNA abundance in ovine uteri during the estrous cycle and early 

pregnancy.  Ewes were assigned randomly on Day 0 (estrus/mating) to cyclic status and 

mated only to vasectomized rams or to pregnant status and mated to intact rams when 

detected in estrus and at 12 h intervals thereafter until the end of estrus. Ewes were 

hysterectomized (n = 5 ewes/day) on either Day 10, 12, 14 or 16 of the estrous cycle or 

Day 10, 12, 14, 16, 18 or 20 of pregnancy as we described previously [308].  On Days 10 

to 16 post-mating, uteri were flushed with 20 ml sterile saline and pregnancy was 

confirmed by the presence of a morphologically normal conceptus.  Sections ( 0.5 cm) 

from the mid-portion of each uterine horn ipsilateral to the corpus luteum (CL) were 

fixed in fresh 4% paraformaldehyde (prepared in PBS, pH 7.2) for 24 h and then in 70% 
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ethanol for 24 h.  The fixed tissues were dehydrated through a graded series of alcohol to 

xylene, and then embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO).  The 

remaining endometrium was physically dissected from myometrium, frozen in liquid 

nitrogen, and stored at –80oC for subsequent RNA extraction.  

Experiment 2.  This experiment determined changes in IGF2 mRNA abundance 

in ovine conceptuses during the peri-implantation period of early pregnancy. At estrus 

(Day 0), ewes were mated to a fertile ram.  On Days 13, 14, 15 and 16 of pregnancy 

(n�5/ewes/day) uteri were flushed with sterile Tris buffer (10 mM, pH 7.0) and 

conceptuses were collected from uterine flushings.  On Day 18 of pregnancy, ewes were 

hysterectomized (n=5 ewes/day) and conceptuses were separated from uterine tissues, 

fixed in fresh 4% paraformaldehyde and then embedded in Paraplast-Plus (Oxford 

Labware, St. Louis, MO) as described for Experiment 1. 

Experiment 3.  This experiment was to determine changes in IGF2 mRNA in 

ovine uteri during the periods of uterine gland hyperplasia (Days 40 to 80) and 

hypertrophy (Days 80 to 120) of pregnancy.  At estrus (Day 0), ewes were mated to a 

fertile ram as described previously [20].  Ewes were then hysterectomized (n=5 ewes/day) 

on either Day 40, 60, 80, 100 or 120 of pregnancy.  At hysterectomy, sections (~0.5 cm) 

of intercaruncular uterine wall were taken from the mid-portion of the pregnant uterine 

horn and fixed in fresh 4% paraformaldehyde in PBS (pH 7.2).  In addition, 

intercaruncular endometrium was dissected from the myometrium, snap frozen in liquid 

nitrogen, and stored at –80°C for RNA extraction.   

 

In Situ Hybridization Analyses  

 

  Location of IGF2 mRNAs in sections (5 µm) of ovine uteri and conceptuses 

was determined using radioactive in situ hybridization analysis as described previously 

[310].  Procedures to produce IGF2 probes were described previously [380].  Briefly, 

deparaffinized, rehydrated, and deproteinated uterine tissue sections were hybridized 

with either a radiolabeled antisense or sense cRNA probe generated by in vitro 
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transcription with the appropriate RNA polymerase and linearized plasmid template. 

After hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 

liquid photographic emulsion (Kodak) and exposed at 4°C for 6 days. Slides were 

developed in Kodak D-19 developer, counterstained with Gill hematoxylin (Fisher 

Scientific), and then dehydrated through a graded series of alcohol to xylene.  Coverslips 

were then affixed with Permount (Fisher). Images of representative fields were recorded 

under brightfield and darkfield illumination using a Nikon Eclipse 1000 

photomicroscope (Nikon Instruments Inc.) fitted with a Nikon DXM1200 digital camera.  

 

Results 

 

Effects of Day of the Estrous Cycle and Pregnancy on IGF2 mRNA in Ovine Endometria 

and Conceptuses in Early Pregnancy (Experiment 1 and 2) 

 

IGF2 mRNA was abundant within caruncular stroma and, to a lesser extent, 

within the intercaruncular stratum compactum and stratum spongiosum stroma on Days 

10 to 12 of the estrous cycle and pregnancy.  By Day 14, for both cyclic and pregnant 

ewes, IGF2 mRNA was less abundant within the intercaruncular stroma, whereas IGF2 

mRNA remained abundant within the endometrial caruncle.  As ewes approached estrus 

on Day 16 of the estrous cycle, IGF2 mRNA was also localized to the luminal 

epithelium (LE) in addition to the caruncular and intercaruncular stroma (Fig. 8.1).  

Further, IGF2 mRNA was more abundant within the myometrium on Day 16 of the 

cycle compared to any of the previous days of the estrous cycle and all days of 

pregnancy (data not shown).  On Day 16 of pregnancy, IGF2 mRNA also increased in 

LE as noted for cyclic ewes; however, abundance of IGF2 mRNA within the caruncles 

declined compared to Day 16 of the cycle and previous days of pregnancy.  IGF2 

mRNA on Day 18 of pregnancy was also localized to LE and caruncular stroma, similar 

to Day 16 of pregnancy.  IGF2 mRNA was particularly abundant in yolk sac of the 

conceptus and primitive endoderm at Days 15-20 of pregnancy, but less abundant in 
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conceptus trophectoderm.  By Day 20 of pregnancy, IGF2 mRNA in the caruncular 

stroma was low (Fig. 8.1), while expression in LE was abundant but variable in 

localization due to loss of the LE after its fusion with trophoblast giant BNC.   

 

Effects of Day of the Estrous Cycle and Pregnancy on IGF2 mRNA in Ovine Endometria 

and Conceptuses in Mid- and Late- Pregnancy (Experiment 3) 

 
In situ hybridization revealed that IGF2 mRNA was abundant in the chrionallantois in 

conceptuses and in LE in ewes in mid- and late-pregnancy. Noteably, IGF2 mRNA 

expression was detectable in GE at Day 80 of pregnancy, increased at Day 100 of 

pregnancy, and abundant at Day 120 of pregnancy.  IGF2 mRNA was abundant in the 

interphase between cotyledonary and caruncular sides in the placentome (see Fig. 8.2) of 

the placentome.  

 

Discussion 

 

The present study determined the expression of IGF2 in peri-implantation 

conceptuses, placentomes, and cyclic and pregnant uteri in sheep.  The main findings 

include: 1) the shift of IGF2 expression from uterine stroma to luminal epithelia in 

pregnant uterus around Day 16 of pregnancy; 2) the abundant expression of IGF2 in 

endoderm cells and yolk sac cells in ovine conceptuses, and weak expression in 

trophectoderm cells and 3) the abundant expression of IGF2 in uterine LE and 

placentomes in mid- and late-pregnant ewes. 
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FIG. 8.1.  In situ hybridization analysis of IGF2 mRNA in endometria from cyclic (C) and pregnant (P) ewes and conceptuses.  Legends: LE: luminal 
epithelium; sGE, superficial glandular epithelium; GE: glandular epithelium; S: stroma; Tr: trophectoderm; En: endoderm; YS: yolk sac.  Bar=10 µm.
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FIG. 8.2.  In situ hybridization analysis of IGF2 mRNA in intercaruncular endometria and placentomes 
from mid- and late- pregnant ewes.  Legends: LE: luminal epithelium; sGE, superficial glandular 
epithelium; GE: glandular epithelium; S: stroma; Tr: trophectoderm; En: endoderm; Car: caruncle; Cot: 
cotyledon.  Bar=10 µm. 
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IGF2 mRNA was most abundant in compact stroma of endometrial caruncles and 

lower in the stroma of intercaruncular endometria of both cyclic and pregnant ewes (Fig. 

8.1).   This observation confirms the pattern of IGF2 expression in the cyclic and early 

pregnant ovine uteri [81, 381] and in neonatal ovine uterus [380].  Interestingly, there 

was abundant IGF2 mRNA in LE of intercaruncular endometria of Day 16 cyclic ewes.  

It has been reported that the IGF1 expression in oviduct cells increased after ovulation in 

bovine [382], however, the function of IGF system in uteri and oviduct at the estrous 

cycle has not been investigated.   In addition, IGF2 mRNA expression transitioned from 

stroma to LE in intercaruncular endometria between Days 16 and 20 of pregnancy, 

however, low levels of IGF2 mRNA are expressed in the rat and pig uterus and do not 

exhibit distinctive temporal or spatial (cell specific) changes during the estrous cycle 

[383-385].  The increased expression of IGF2 in uterine LE may increase local IGF2 

protein in the apical surface of LE which is proximal to the elongated trophectoderm 

and/or adhered trophectoderm, although the overall concentration of IGF2 protein does 

not change in the ovine uterine fluids according to the estrous cycle and early pregnancy 

[386], therefore IGF2 of maternal origin may act on the conceptus development in a 

paracrine manner [78, 81].   

Besides the maternal source of IGF2, the conceptus may also synthesize IGF2 

during the peri-implantation period of pregnancy. There is abundant expression of IGF2 

in the endoderm cells and yolk sac at Days 15-20 of pregnancy (Fig. 8.1).  Similarly, 

abundant IGF2 transcripts are found in primitive endoderm and extra-embryonic 

mesoderm during early implantation in human and mouse [383, 387].  During the peri-

implantation, the ovine conceptus undergoes elongation and trophectoderm outgrowth 

[5], however, the trophectoderm cells apparently do not have abundant IGF2 expression 

(Fig. 8.1), therefore, it is possible that primitive endoderm and extra-embryonic 

mesoderm provide IGF2 to the trophectoderm, taking the advantage of the short distance 

between these cell types.  This hypothesis may be tested after determining the abundance 

of IGF2 protein in both trophectoderm and endoderm, but currently, there is no ovine 

specific antibody available.  
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In the mid- and late pregnancy, abundant IGF2 expression was present in the 

fetal membranes, chrionallantois, interfaces between caruncular and cotyledonary sides 

in the placentome and LE in uterine endometrium.  At Day 120 of pregnancy, abundant 

IGF2 mRNA is present in the uterine GE.  All these indicate besides the role of IGF2 in 

the trophectoderm development, IGF2 also regulates fetal-placental development at  

mid- and late pregnancy.  Paradoxically,   the main IGF2 receptor, IGF-1R [82] mRNA  

could not be detected in any fetal placentome tissue, but was abundant in deep uterine 

glands, moderately abundant in caruncular stroma in sheep at mid-pregnancy [381].  

Thus, other mechanisms by which IGF2 regulates the fetal-placental development may 

exist.   For instance, IGF2, Phosphatidylinositol 3-Kinase (PI3K), Nuclear Factor-�B 

(NF�B) and Inducible Nitric-oxide Synthase (NOS2) compose a common myogenic 

signaling pathway which is induced by IGF2 and stimulates skeletal muscle cell 

differentiation by the production of nitric oxide [39].  Whether this signaling pathway is 

present in the ovine placentome remains to be investigated.   

IGF2 regulates the embryo/conceptus development from very early stage when 

the embryo resides in the oviduct [86] are facilitates the nutrient transport in the placenta 

[76, 87] during the mid-and late pregnancy due to the nature of paternally imprinted 

genes in fetus and placenta [88].  In our previous study on the amino acid transporters in 

ovine uterus and peri-implantation (Chapter VI), we found that one of the amino acid 

transporters, SLC38A4, which is a paternally imprinted gene in placenta [345], is mainly 

expressed in the intercaruncular and caruncular stroma of the uterus.  Considering that 

caruncular stroma is involved in the formation of placentomes, the crosstalk between 

IGF2 and SLC38A4 in placenta and placentomes may affect genetic control of nutrient 

supply and demand during development [346].  More interestingly, IGF2 has been 

proposed to be target of FRAP1 signaling pathway [35, 38], and a positive autocrine 

feedback loop may exist between FRAP1 and IGF2 to promote cell growth [35, 38, 40].  

A  reciprocal regulatory link among FRAP1, SLC7A5 and SLC1A5 has been proposed 

[230], thus, it is plausible that the regulation of nutrients transport by both IGF2 and 
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FRAP1 signaling may converge on nutrient transporters such as amino acid transporters 

in the placenta and placentome during conceptus development. 

In summary, the findings in this present study indicate that IGF2 of maternal 

origin, and/or fetal origin, may be important to regulate fetal-placental development and 

their functions in early pregnancy, and mid- and late- pregnancy.  The underlying 

mechanisms will be explored in ovine uteri and conceptuses in future studies.  
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CHAPTER IX 

EXPRESSION OF FK506-BINDING PROTEIN 12-RAPAMYCIN COMPLEX-

ASSOCIATED PROTEIN 1 (FRAP1) AND ASSOCIATED REGULATORS AND 

EFFECTORS OF MTORC1 AND MTORC2 COMPLEXES IN OVINE UTERI 

AND PERI-IMPLANTATION CONCEPTUSES* 

 

Introduction 

 

FRAP1 (FK506 binding protein 12-rapamycin associated protein 1, formerly 

known as mTOR, RAFT, and RAPT) is a highly conserved serine threonine protein 

kinase, which senses and responds to changes in amino acid levels and energy, as well as 

hormones and mitogens [7, 9, 388], plays a critical role in cell metabolism and growth.  

FRAP1 and associated proteins comprise two structurally and functionally distinct 

complexes, mTORC1 and mTORC2 [13, 258, 388].   The mTORC1 complex consists of 

the FRAP1 catalytic subunit, RAPTOR (regulatory associated protein of TOR) and 

LST8 (G protein �-subunit-like protein), while mTORC2 consists of FRAP1 catalytic 

unit, RICTOR (rapamycin-insensitive companion of mTOR), MAPKAP1 (mitogen-

activated-protein-kinase-associated protein 1) and LST8.  The FRAP1 associated 

proteins appear to determine specificity of the two different cell signaling pathways 

[389-392] mediated by mTOR complexes, associated regulators and effectors (see Fig. 

2.6). 

FRAP1 and associated members of mTORC1 and mTORC2 cell signaling 

pathways may be critical for growth and development of the conceptus, as well as 

implantation. Disruption of FRAP1 blocks function of both mTORC1 and mTORC2 and 

results in post-implantation lethality of blastocysts due to impaired cell proliferation and 

                                                 
* Reprinted with permission from Gao H, Wu G, Spencer TE, Johnson GA, Bazer FW. Select nutrients in 
the ovine uterine lumen: VI. Expression of FK506-binding protein 12-rapamycin complex-associated 
protein 1 (FRAP1) and associated regulators and effectors of mTORC1 and mTORC2 complexes in ovine 
uteri and peri-implantation conceptuses.  Biol Reprod published 18 March 2009; PMID: 19299312. 
Copyright 2009 by the Society for the Study of Reproduction, Inc. 
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hypertrophy in both the embryonic disc and trophoblast [14, 15, 393].  FRAP1 may also 

affect conceptus growth by regulating translation of proteins in the uterus, including 

insulin-like growth factor-2 (IGF2), ornithine decarboxylase (ODC1) and nitric oxide 

synthases (NOS) [10, 35, 36].  Additionally, FRAP1 promotes translation of the 

"polypyrimidine tract" mRNA family [394] that is critical to fetal and placental 

development [37, 74, 395], as well as development, differentiation, and motility of 

trophoblast [10, 44, 89].  Emerging evidence indicates that the FRAP1 cell signaling 

pathways regulate expression of the glucose transporters SLC2A1 [396, 397] and 

SLC2A12 [398], and amino acid transporters SLC1A5 (neutral amino acid transporter) 

[230, 399] and SLC7A5 (L-type amino acid transporter 1) [230, 232]. 

There is substantial synthesis and secretion of histotroph (enzymes, growth 

factors, cytokines, lymphokines, hormones, transport proteins, nutrients, and other 

substances) by uterine glandular epithelium (GE) during pregnancy [126, 153].  In 

addition, a marked increase in endometrial protein synthesis occurs in response to the 

conceptus and/or conceptus-derived pregnancy recognition signals [400].  Thus, the 

mTOR cell signaling complexes likely regulates conceptus development during the peri-

implantation period, particularly in species with an epitheliochorial or 

synepitheliochorial type of placentation characterized by rapid elongation of conceptus 

trophectoderm and a protracted period of implantation [5].  

The present study was conducted to test the hypothesis that FRAP1 and 

associated members of the mTOR cell signaling complexes are expressed in ovine uteri 

and conceptuses and that their expression in the endometrum is regulated by 

progesterone (P4) and interferon tau (IFNT) during the peri-implantation period of 

pregnancy.  As a first step in evaluating this hypothesis, experiments were conducted to 

determine: 1) temporal and cell-specific changes in expression of FRAP1, LST8, 

RAPTOR, RICTOR, MAPKAP1, TSC1, TSC2, RHEB and EIF4EBP1 in uteri of cyclic 

and pregnant ewes and in conceptuses; and 2) regulation of their cell-specific expression 

by P4 and/or IFNT in the pregnant uterus.  
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Materials and Methods  

 

Animals  

 

Crossbred Suffolk ewes (Ovis aries) were observed daily for estrus in the 

presence of vasectomized rams and used in experiments after they had exhibited at least 

two estrous cycles of normal duration (16–18 days).  All experimental and surgical 

procedures were in compliance with the Guide for the Care and Use of Agricultural 

Animals in Teaching and Research and approved by the Institutional Animal Care and 

Use Committee of Texas A&M University. 

 

Experimental Design  

 

Experiment 1.  Ewes were assigned randomly on Day 0 (estrus/mating) to cyclic 

status and mated only to vasectomized rams or to pregnant status and mated to intact 

rams when detected in estrus and at 12 h intervals thereafter until the end of estrus.   

Ewes were hysterectomized (n = 5 ewes/day) on either Day 10, 12, 14 or 16 of the 

estrous cycle or either Day 10, 12, 14, 16, 18 or 20 of pregnancy.  On Days 10 to 16 post-

mating, uteri were flushed with 20 ml sterile saline and pregnancy was confirmed by the 

recovery of a morphologically normal conceptus.  Sections ( 0.5 cm) from the mid-

portion of each uterine horn ipsilateral to the corpus luteum (CL) were fixed in fresh 4% 

paraformaldehyde (prepared in PBS, pH 7.2) for 24 h and then in 70% ethanol for 24 h.  

The fixed tissues were dehydrated through a graded series of alcohol to xylene, and then 

embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO).  The remaining 

endometrium was physically dissected from myometrium, frozen in liquid nitrogen, and 

stored at –80oC for subsequent RNA extraction. 

Experiment 2.  At estrus (Day 0), ewes were mated to a fertile ram and, on either 

Day 13, 14, 15 or 16 of pregnancy (n � 5/ewes/day), their uteri were flushed with 20 ml 

sterile 10 mM Tris buffer (pH 7.0) and conceptuses recovered from the uterine flushing.  
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On Day 18 of pregnancy, ewes were hysterectomized (n=5 ewes/day) and conceptuses 

were physically separated from uterine tissues, fixed in fresh 4% paraformaldehyde and 

then embedded in Paraplast-Plus (Oxford Labware, St. Louis, MO) as described for 

Experiment 1.  

Experiment 3.  Cyclic ewes (n=20) were ovariectomized and fitted with 

intrauterine catheters on Day 5 post-estrus, as described previously [138].  Ewes were 

assigned randomly (n=5 ewes/treatment) to receive daily i.m. injections of either P4 

(Sigma Chemical Co.) or P4 plus mifepristone (RU486; Sigma Chemical Co.), a 

progesterone receptor (PGR) and glucorticoid receptor antagonist, and intrauterine 

infusions of either control serum proteins or recombinant ovine IFNT (IFNT) as follows: 

1) 50 mg P4 (Days 5 to 15) and 200 µg control (CX) serum proteins (Days 11 to 15; 

P4+CX); 2) P4 and 75 mg RU486 (Days 11 to 15) and CX proteins ( P4+RU+CX); 3) 

P4 and IFNT (2 x 107 antiviral units, Days 11 to 15; P4+IFN); or 4) P4 and RU486 and 

IFNT (P4+RU+IFN).  The IFNT was prepared in a yeast expression system and assayed 

for antiviral activity as described previously [129]. Control serum proteins and IFNT 

were prepared for intrauterine injections as described previously [309].  All ewes were 

hysterectomized on Day 16 post-estrus and uterine endometria processed as described 

for Experiment 1.  

 

RNA Isolation  

 

Total cellular RNA was isolated from endometrium from the uterine horn 

ipsilateral to the CL (Experiment 1) using Trizol reagent (Gibco-BRL) according to 

manufacturer's recommendations and stored at -80oC.  The quantity and quality of total 

RNA were determined by spectrometry and denaturing agarose gel electrophoresis, 

respectively.  
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Cloning of Partial cDNAs for Ovine Endometrial FRAP1, LST8, MAPKAP1, RAPTOR, 

RICTOR, TSC1, TSC2, RHEB and EIF4EBP1 

 

Partial cDNAs for ovine FRAP1, LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, 

TSC2, RHEB and EIF4EBP1 were amplified by RT-PCR using total RNA from 

endometria collected from uteri of ewes hysterectomized on Day 20 of pregnancy.  The 

primer designs are shown in Table 9.1. PCR amplification was as follows: 1) 95°C for 2 

min; 2) 95°C for 30 sec, 50°C for 45 sec, and 72°C for 1 min for 35 cycles; and 3) 72°C 

for 7 min.  Partial ovine cDNAs of sizes shown in Table 2 were cloned into pCRII using 

a T/A Cloning Kit (Invitrogen) and their sequences verified using an ABI PRISM Dye 

Terminator Cycle Sequencing Kit and ABI PRISM automated DNA sequencer (Perkin-

Elmer Applied Biosystems).  

 

 

TABLE  9.1.  Primer designs for PCR amplification for genes associated with FRAP1 signaling pathway. 

Gene Forward Primer 

(5�	 3�) 

Reverse Primer 

(5�	 3�) 

GenBank 
Accession No. 

Product 
Size (bp) 

TSC1 ctcctctccatgctggactc acgaaagacggccaaagata BT021605 460 

TSC2 gttaccctctgtcgcaccat tcgttctggtcacacagctc NM_000548 476 

RHEB tgttgaaggccaatttgttg tcaccgagcaggaagacttt NM_001031764 473 

FRAP1 gcagtgctgtgaaaagtgga gcacaggcttgcatacttga NM_004958 496 

LST8 cagtgtcagcgaatcttcca ttgcgagtctcctgagaagg BT021562 492 

MAPKAP1 cacaacagcgaccaagaaga cttctccaggcggtactgag BC133402 472 

RAPTOR gaggatgaaggatcggatga gctgtagtgcgaactgcttg NM_020761 491 

RICTOR cgctgaagaacctccgaata agttggccacagagctagga XM_001249696 477 

EIF4EBP1 cggggactacagcacgac ccatctcaaactgtgactcttca BC004459 257 
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In Situ Hybridization Analyses  

 

Cell-specific localization of mRNAs in sections (5 µm) of ovine uteri was 

determined by radioactive in situ hybridization analyses as described previously [310].  

Briefly, deparaffinized, rehydrated, and deproteinated uterine tissue sections were 

hybridized with a [�-35S]-UTP radiolabeled antisense or sense cRNA probe.  After 

hybridization, washing, and ribonuclease A digestion, slides were dipped in NTB-2 

liquid photographic emulsion (Kodak) and exposed at 4°C for 1 to 4 weeks.  Slides were 

developed in Kodak D-19 developer, counterstained with Gill’s hematoxylin (Fisher 

Scientific), dehydrated through a graded series of alcohol to xylene and coverslips 

affixed with Permount (Fisher).  Images of representative fields were recorded under 

brightfield and darkfield illumination using a Nikon Eclipse 1000 photomicroscope 

(Nikon Instruments Inc.) fitted with a Nikon DXM1200 digital camera. 

In Experiment 3, the relative abundance of RHEB and EIF4EBP1 mRNAs in 

LE/sGE and GE was measured as optical density using the public domain NIH Image 

program, ImageJ (developed at the U.S. National Institutes of Health and available on 

the Internet at http://rsb.info.nih.gov/nih-image/). Briefly, at least six representative 

areas of uterine endometrium from each ewe were photographed in darkfield 

illumination and the photographs saved as TIFF files. The noise in the original 

photograph was filtered by median filter, followed by converting to mask using binary 

function.  With Image Calculator, a new photograph was created by combining the 

original and converted photograph.  After setting the threshold, the optical density of 

hybridization signals was measured and data were analyzed statistically. 
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Immunohistochemical Analyses  

 

Immunohistochemical localization of total FRAP1, Ser2448 phosphorylated 

FRAP1 (p-FRAP1), RHEB and RICTOR proteins in ovine uteri and conceptuses was 

performed as described previously [311] in tissue sections from Experiments 1-3 with 

rabbit anti-human/mouse/rat FRAP1 IgG (Catalog No. AB1537, R&D Systems, 

Minneapolis, MN), rabbit anti- human phosphorylated FRAP1 (Ser 2448) IgG (Catalog 

No. AF1665, R&D Systems, Minneapolis, MN), rabbit anti-human RHEB IgG (Catalog 

No. LS-B543, Lifespan Biosciences, Seattle, WA ), rabbit anti-human RICTOR IgG 

(Catalog No. AP7259a, Abgent, San Diego, CA) at final concentration of 1, 1, 2 and 2 

µg/ml, respectively.  Antigen retrieval was performed using boiling sodium citrate buffer 

(0.01 M, pH 6.0), and purified rabbit IgG was used as a negative control to replace the 

primary antibody at the same final concentration.  Immunoreactive protein was 

visualized in sections using the VECTASTAIN ABC KIT (Catalog No. PK-6101 for 

Rabbit IgG, Vector Laboratories Inc. Burlingame, CA) according to kit instructions and 

3,3’-diaminobenzidine tetrahydrochloride (Catolog No. D5637 Sigma-Aldrich, St. 

Louis, MO) as the color substrate.  Sections were not counterstained before affixing 

coverslips. 

 

Statistical Analyses  

 

All quantitative data were subjected to least-squares regression analysis of 

variance (ANOVA) using the General Linear Models procedures of the Statistical 

Analysis System (SAS Institute).  Orthogonal contrasts were used to determine main 

effects of treatment.  All tests of significance were performed using the appropriate error 

terms according to the expectation of the mean squares for error.  A P value of 0.05 or 

less was considered significant.  Data are presented as least-square means (LSM) and 

their standard errors (SEM).  
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Results 

Effects of Day of the Estrous Cycle and Pregnancy on TSC1 and TSC2 mRNAs in Ovine 

Endometria and Conceptuses (Experiments 1 and 2) 

 

Both TSC1 (Fig. 9.1A) and TSC2 (Fig. 9.1B) mRNAs were detectable at very 

low abundance in uterine LE/sGE, GE and stromal cells of cyclic and pregnant ewes, but 

the abundance of TSC2 mRNA appeared to be slightly greater on Day 14 of the estrous 

cycle and Days 15 and 18 of pregnancy.  TSC1 and TSC2 were just detectable in 

trophectoderm and endoderm of conceptuses from Days 13 to 18 of pregnancy.   

 

Effects of Day of the Estrous Cycle and Early Pregnancy on RHEB and FRAP1 mRNA in 

Ovine Endometria and Conceptuses  

 

RHEB mRNA was localized to uterine LE/sGE and GE in cyclic and pregnant 

ewes, but most abundant on Day 12 of the estrous cycle and between Days 12 and 18 of 

pregnancy.  RHEB mRNA was particularly abundant in trophectoderm and endoderm of 

conceptuses between Days 13 and 16 of pregnancy (Fig. 9.2A).  In situ hybridization 

revealed that FRAP1 mRNA was detectable at very low levels in uterine endometria 

from both cyclic and pregnant ewes, as well as trophectoderm and endoderm of 

conceptuses between Days 13 and 15 of pregnancy, but then increased on Days 16 and 

18 of pregnancy.  FRAP1 mRNA levels in uterine endometria and conceptuses were not 

affected by pregnancy status, day of the estrous cycle or pregnancy (Fig. 9.2B).    
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FIG. 9.1. In situ hybridization analysis of TSC1 [A] and TSC2 [B] mRNAs in uteri from cyclic (C) and pregnant (P) ewes and in conceptuses.  Legend:  
LE, luminal epithelium; sGE, superficiual glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm.  Bar = 10µm. 
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FIG. 9.2.  In situ hybridization analysis of RHEB [A] and FRAP1 [B] mRNA in uteri from cyclic (C) and pregnant (P) ewes and in conceptuses.  Legend:  
LE, luminal epithelium; sGE, superficiual glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm.  Bar = 10µm. 
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Effects of Day of the Estrous Cycle and Pregnancy on LST8 and MAPKAP1 mRNAs in 

Ovine Endometria and Conceptuses (Experiments 1 and 2) 

 

In situ hybridization analyses detected both LST8 (Fig. 9.3A) and MAPKAP1 

(Fig. 9.3B) mRNAs in uterine LE/sGE, GE and stromal cells of both cyclic and pregnant 

ewes and trophectoderm and endoderm of conceptuses between Days 13 and 18 of 

pregnancy.  The abundance of endometrial LST8 mRNA was similar between Days 10 

and 16 of the cycle. In pregnant ewes, LST8 mRNA levels appeared slightly higher 

between Days 14 and 18. MAPKAP1 mRNA was detected in LE, sGE, GE and stromal 

cells on all days of the estrous cycle and pregnancy, but appeared to be most abundant 

on Days 12 and 16 of the estrous cycle and Days 14 to 20 of pregnancy.  In conceptuses, 

mRNAs for LST8 and MAPKAP1 were detectable in trophectoderm and endoderm on all 

days of pregnancy studied. 

 

Effects of Day of the Estrous Cycle and Pregnancy on RAPTOR and RICTOR mRNAs in 

Ovine Endometria and Conceptuses (Experiments 1 and 2) 

 

RAPTOR mRNA (Fig. 9.4A) was detected in uterine LE/sGE, GE and stromal 

cells of cyclic and pregnant ewes on all days, but appeared slightly more abundant on 

Day 16 of the estrous cycle and Day 18 of pregnancy.  In conceptuses, RAPTOR mRNA 

was detected in trophecderm and endoderm and was most abundant on Days 13, 14 and 

18 of pregnancy.  RICTOR mRNA (Fig.9.4B) was detectable in uterine LE/sGE, GE and 

stromal cells of cyclic ewes on all days studied, but was more abundant in those cells, 

particularly GE, between Days 14 and 20 of pregnancy. RICTOR mRNA was essentially 

undetectable in trophectoderm and endoderm of conceptuses from Days 13 to 18 of 

pregnancy. 
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FIG. 9.3.  In situ hybridization analysis of LST8 [A] and MAPKAP1 [B] mRNAs in uteri from cyclic (C) and pregnant (P) ewes and conceptuses. Both 
LST8 and MAPKAP1 mRNAs were localized to LE/sGE, GE and stromal cells of uterine endometria from cyclic and pregnant ewes and conceptuses 
from Days 13 to 18 of pregnancy.  Legend:  LE, luminal epithelium; sGE, superficiual glandular epithelium; GE, glandular epithelium; S, stroma; Tr, 
trophectoderm; En, endoderm.  Bar = 10µm. 
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FIG. 9.4.  In situ hybridization analysis of RAPTOR [A] and RICTOR [B] mRNAs localized in the LE/sGE, GE and stromal cells of uteri from cyclic 
and pregnant ewes and in conceptuses from Days 13 to 18 of pregnancy.  Legend:  LE, luminal epithelium; sGE, superficiual glandular epithelium; GE, 
glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm.  Bar = 10µm. 
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Effects of Day of the Estrous Cycle and Pregnancy on EIF4EBP1 mRNAs in Ovine 

Endometria and Conceptuses (Experiments 1 and 2) 

 

EIF4EBP1 mRNA (Fig. 9.5) was localized to uterine LE/sGE and GE in cyclic 

and pregnant ewes.  It appeared equally abundant in these cells between Days 10 and 16 

of the estrous cycle, and most abundant in pregnant ewes on Days 18 and 20 of 

pregnancy. EIF4EBP1� mRNA was detected in trophectoderm and endoderm of 

conceptuses from Day 13, but barely detectable on all other days of pregnancy studied. 

 

Effects of Day of the Estrous Cycle and Early Pregnancy on FRAP1 Protein in Ovine 

Endometria and Conceptuses  

 

Immunoreactive FRAP1 protein was detected primarily in the cytoplasm of 

uterine LE/sGE, GE and, to a lesser extent, stroma cells from both cyclic and pregnant 

ewes (Fig. 9.6A).  In cyclic ewes, FRAP1 protein was most abundant on Days 10 and 12, 

and then decreased to Day 16 whereas abundance was similar in LE/sGE and GE 

between Days 10 and 20 of pregnancy.  In conceptuses, FRAP1 protein was very 

abundant in the cytoplasm and, to a lesser extent, in nuclei of trophectoderm and 

endoderm between Days 13 and 18 of pregnancy.    

Immunoreactive p-FRAP1 protein was detectable at low abundance in LE/sGE 

and GE of uteri from both cyclic and pregnant ewes, but very abundant in trophectoderm 

and endoderm of conceptuses between Days 13 and 18 of pregnancy (Fig. 9.6B).  In 

endometrial cells, as well as trophectoderm and endoderm of conceptuses, p-FRAP1 

protein was most clearly more abundant in nuclei of cells.  
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FIG. 9.5.  In situ hybridization analysis of EIF4EBP1 mRNA in uteri from cyclic (C) and pregnant (P) 
ewes and conceptuses.  Legend:  LE, luminal epithelium; sGE, superficiual glandular epithelium; GE, 
glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm.  Bar = 10µm. 
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FIG. 9.6.  Immunohistochemical localization of FRAP1 and p-FRAP1 proteins in uteri from cyclic (C) and 
pregnant (P) ewes and conceptuses.  [A] Immunoreactive FRAP1 protein was detected in the cytoplasm 
and nuclei of uterine LE/sGE, GE and stroma in both cyclic and pregnant ewes and in trophectoderm and 
endoderm of conceptuses between Days 13 and 18 of pregnancy.  [B] Immunoreactive p-FRAP1 protein 
was detected in both cytoplasm and nuclei of uterine LE/sGE, GE and stroma from both cyclic and 
pregnant ewes and in conceptuses from Days 13 to 18 of pregnancy.  Legend:  LE, luminal epithelium; 
sGE, superficiual glandular epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, 
endoderm.  Bar = 10µm. 
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Effects of Day of the Estrous Cycle and Early Pregnancy on RHEB and RICTOR 

Proteins in Ovine Endometria and Conceptuses  

 

Immunoreactive RHEB protein was detected in both the cytoplasm and nuclei of 

uterine LE/sGE, GE and, to a lesser extent, stromal cells from cyclic and pregnant ewes 

(Fig. 9.7A).  In cyclic ewes, RHEB protein was most abundant on Days10 and 16, 

particularly in uterine LE/sGE.  In pregnant ewes, RHEB protein in LE/sGE and GE was 

most abundant between Days 14 and 20. In conceptuses, RHEB protein was very 

abundant in the cytoplasm and nuclei of trophectoderm and endoderm between Days 13 

and 18 of pregnancy, but more abundant in the nuclei (Fig. 9.7A).   

Immunoreactive RICTOR protein was detected in very low abundance in 

LE/sGE, GE and stromal cells of uteri from cyclic and pregnant ewes (Fig. 9.7B).  In 

conceptuses, RICTOR protein was readily detecable in the cytoplasm and nuclei of 

trophectoderm and endoderm between Days 13 and 18 of pregnancy, and appeared to be 

more abundant in the nuclei of these cells (Fig. 9.7B).   

 

P4 Induced and IFNT Stimulated RHEB mRNA Expression in Ovine Uterine Endometria 

(Experiment 3)  

 

In situ hybridization analyses revealed expression of RHEB mRNA mainly in 

LE/sGE and GE (Fig. 9.8A).  Its abundance increased 1.3-fold in response to P4 in both 

LE/sGE (Fig. 9.8B) and GE (Fig. 9.8C; P < 0.05, P4+CX vs P4+RU+CX) and an 

additional 1.2-fold in response to IFNT (P < 0.05, P4+CX vs P4+IFNT, Figs. 9.8B, 

9.8C).  The stimulatory effects of P4 and IFNT were reduced by treatment with the 

progesterone receptor antagonist, RU486 (P = 0.5, P4+RU+CX vs P4+RU+IFNT).  

Immunohistochemical analyses (Fig. 9.8D) revealed that P4 and IFNT also enhance 

RHEB protein abundance in LE/sGE and GE.  These results indicated that expression of 

RHEB mRNA was induced by P4 and further stimulated by IFNT.  
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FIG. 9.7.  Immunohistochemical localization of RHEB [A] and RICTOR [B] proteins in uteri from cyclic 
(C) and pregnant (P) ewes and conceptuses.  Legend:  LE, luminal epithelium; sGE, superficiual glandular 
epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm.  Bar = 10µm. 
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FIG. 9.8.  Effect of P4 and IFNT on RHEB expression in ovine endometria. [A] In situ hybridization revealed 
expression of RHEB in LE/sGE and GE of ewes. Legends:  LE, luminal epithelium; sGE, superficiual glandular 
epithelium; GE, glandular epithelium; S, stroma; Tr, trophectoderm; En, endoderm.  Bar = 10µm. [B-C] Endometrial 
RHEB mRNA levels increased 1.3-fold in response to P4 in both LE/sGE and GE (P < 0.05, P4+CX vs P4+RU+CX) 
and an additional 1.2-fold in response to both P4 and IFNT (P < 0.05, P4+CX vs P4+IFNT).  The differential 
stimulatory effects of P4 versus P4+IFNT were not significant in ewes treated with the progesterone receptor 
antagonist, RU486 (P = 0.5, P4+RU+CX vs P4+RU+IFNT). [D]  Immunohistochemical analyses revealed that P4 and 
IFNT enhanced RHEB protein abundance in both LE/sGE and GE.   
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FIG. 9.9. Effects of P4 and IFNT on EIF4EBP1 expression in ovine endometria.  [A] In situ hybridization 
revealed expression of EIF4EBP1 in uterine LE/sGE and GE of all ewes.  Legend:  LE, luminal 
epithelium; sGE, superficiual glandular epithelium; GE, glandular epithelium; S, stroma; Tr, 
trophectoderm; En, endoderm.  Bar = 10µm. [B-C] Endometrial EIF4EBP1 mRNA levels increased 1.7- 
and 1.8-fold in response to P4 alone in LE/sGE and GE, respectively (P < 0.05, P4+CX vs P4+RU+CX).  
There was only a trend for IFNT to further increase (1.2-fold) EIF4EBP1 mRNA abundance in both 
LE/sGE and GE (P < 0.1, P4+CX vs P4+IFNT). The differential stimulatory effects of P4 and P4+IFNT 
were not significant in ewes treated with the progesterone receptor antagonist, RU486 (P = 0.3, 
P4+RU+CX vs P4+RU+IFNT).   
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P4 and IFNT Stimulated EIF4EBP1 mRNA Expression in Ovine Uterine Endometria 

(Experiment 3)  

In situ hybridization analyses detected EIF4EBP1 mRNA in LE/sGE and GE of 

ewes in all treatment groups (Fig. 9.9A); however, its abundance increased 1.7- and 1.8-

fold in response to P4 in LE/sGE (Fig. 9.9B) and GE (Fig. 9.9C), respectively (P < 0.05, 

P4+CX vs P4+RU+CX).  The effect of IFNT on EIF4EBP1 mRNA was to increase 

abundance 1.2-fold in both LE/sGE and GE, but this was not statistically significance (P 

< 0.1, P4+CX vs P4+IFNT, Figs. 9.9B, 9.9C).  The stimulatory effects of P4 and IFNT 

tended to be inhibited by the progesterone receptor antagonist, RU486 (P = 0.9, 

P4+RU+CX vs P4+RU+IFNT).  These results indicated that EIF4EBP1 expression was 

stimulated primarily by P4.  

 

Discussion 

 

The mTORC1 complex integrates both extracellular and intracellular factors to 

control cell growth and development by phosphorylating target proteins and elements in 

the mRNA translation apparatus, including RPS6KB1 (ribosomal protein S6 kinase, 

70kDa, polypeptide 1, formerly known as p70s6k) and EIF4EBP1 [6].  The effect is to 

increase mRNA translation [389], ribosome biogenesis, and inhibition of autophagy 

[390].  In the typical mTOR cell signaling pathway, TSC1 and TSC2 form a heterodimer 

to inhibit mTORC1 [391] and function as GTPase-activating protein toward RHEB that 

stimulates mTORC1 activity [392, 393].  Phosphorylation of TSC2 by various up-stream 

protein kinases, such as AKT/PKB and ERK, ablate the inhibitory effects of TSC1/TSC2 

on mTORC1.  In contrast, their functions with respect to mTORC2-mediated cell 

signaling have not been well investigated, except to demonstrate that mTORC2 

phosphorylates Akt/PKB-FOXO and PKC� [13].  Results of studies of Raptor, Lst8 

[13], Rictor [13, 14], Mapkap1 [15] and Frap1 null mice indicate that components of 

mTORC1 and mTORC2 are required for embryonic development, although the timing of 

formation of these functional complexes may differ [13]. 
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The present results are the first to demonstrate both temporal and cell-specific 

expression of FRAP1 in sheep, as well as LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, 

TSC2, RHEB and EIF4EBP1 as components of the mTOR complex for any species.  

Further, results of the present study demonstrated stimulation of expression of RHEB 

mRNA by P4 and IFNT and EIF4EBP1 mRNA by P4. These novel findings extend our 

knowledge of cells expressing mTORC1 and mTORC2 components and confirm effects 

of IFNT on uterine gene expression independent of its actions as the pregnancy 

recognition signal in ruminants. 

A novel and important finding from this study is that expression of FRAP1, 

RAPTOR and RICTOR proteins in the ovine uterus is not likely regulated at the 

transcriptional level as expression of both LST8 and MAPKAP1 was similar for all days 

of the estrous cycle and pregnancy studied, although the abundance of MAPKAP1 

mRNA was greater in uteri of pregnant ewes between Days 15 and 20 of pregnancy.  For 

example, endometrial FRAP1 mRNA was not affected by day of the estrous cycle or 

pregnancy (Fig. 9.2B) which is consistent with reports that FRAP1 mRNA levels do not 

change during the cell cycle in tumor cells [401].  However, there were changes in the 

abundance of FRAP1 protein in uterine epithelia of both cyclic and pregnant ewes.  To 

date, the mechanism by which FRAP1 translation is regulated is not known.   Notably, 

total FRAP1 protein was localized to both nuclei and cytoplasm of uterine epithelia and 

conceptus trophectoderm and endoderm, whereas p-FRAP1 protein was most abundant 

in nuclei of those cells.  Similarly, the transition of p-FRAP1 protein from cytoplasmic 

to nuclear localization occurs in cell lines [402] indicating that p-FRAP1 protein may 

exert effects at the nuclear level.  It has been proposed that the subcellular compartment 

of cells is the site of critical functions of mTOR complexes [403], but little is known 

about effects of spatial distribution on their activities.  Both LST8 and FRAP1 are 

common components of mTORC1 and mTORC2 cell signaling complexes, whereas 

mLST8 is required to maintain the RICTOR-FRAP1 association, but not the RAPTOR-

FRAP1 complex in vivo [13].  In this present study, LST8 and MAPKAP1 (another 

unique component in mTORC2) increased during early pregnancy, while expression of 
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neither RICTOR nor RAPTOR expression changed appreciably until Day 16 and Day 18, 

respectively of pregnancy.  The abundance of RICTOR protein in uterine endometrium 

did not change in early pregnancy (Fig. 9.7B).   Due to the lack of applicable antibody 

for ovine RAPTOR, we could not investigate the proposed competition between 

RICTOR and RAPTOR for binding to FRAP1 [282] in ovine conceptuses and uteri.  

However, RAPTOR mRNA was more abundant than RICTOR mRNA in conceptuses 

(Fig. 9.5). Given that their relative protein levels are consistent with their mRNA levels, 

it may be reasonable to propose that mTORC1 may be more abundant than mTORC2 in 

peri-implantation conceptuses.  Thus, differential functions of mTORC1 and mTORC2 

in cells of the uterus and conceptus, an important aspect in elucidating the underlying 

mechanisms whereby FRAP1 signaling regulates conceptus development, must be 

defined in future studies.   

Another novel finding from the present study was that P4 and IFNT regulate 

expression of RHEB as is the case for a unique array of genes in the ovine uterine 

endometrium considered critical to conceptus development and implantation [56, 137].  

TSC1/TSC2 and RHEB are upstream regulators of  FRAP1, but they have different 

effects on mTORC1 and mTORC2  activities [404].   Interestingly, TSC1 and TSC2 

mRNAs were barely detectable in uteri from both cyclic and pregnant ewes (Fig. 9.1) as 

was the case for FRAP1 mRNA expression.  Neither of these genes was regulated by 

either P4 or IFNT at either the transcriptional or post-translational levels.  Thus, we 

hypothesize that RHEB may modulate effects of P4 and IFNT on FRAP1 as it is the only 

known activator of FRAP1 and the mTOR complex [392, 393].   This hypothesis is 

supported by several lines of evidence.  First, RHEB mRNA and protein levels are 

higher in LE/sGE and GE of pregnant than cyclic ewes at Days 14-16 (Figs. 9.2A and 

9.7A).  Second, RHEB expression was increased most in ewes treated with both  P4 and 

IFNT (Figs. 9.8B, 9.8C).  Interestingly, regulation of expression of RHEB and the 

glucose transporter SLC2A1 by P4 and IFNT are similar [352].  Although expression of 

SLC2A1 is regulated by FRAP1 signaling in adipocytes [396, 397], fibroblasts [405] and 

tumor cells [397, 406], this has not been demonstrated in uterine endometrial LE/sGE or 
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GE.   The convergence of cell signaling pathways activated by P4, IFNT and FRAP1 

may be critical for regulation of expression of RHEB mRNA and expression of other 

genes such as SLC2A1 that are critical to conceptus development. 

This is also the first report that EIF4EBP1 expression increases in early 

pregnancy (Fig. 9.5) and is stimulated by P4 and IFNT (Figs. 9.9B, 9.9C).  EIF4EBP1, a 

known effector of the FRAP1 cell signaling [389], acts to inhibit Cap-dependent mRNA 

translation [407] which may allow P4 and, to a lesser extent, IFNT to differentially 

increase or inhibit transcription and translation of certain genes.  Again, using the 

SLC2A1 glucose transporter as an example, it may be a target of EIF4EBP1 in ovine 

uterine endometria as SLC2A1 expression is greatest on Days 14 and 16 of pregnancy 

and then decreases to Day 20 of pregnancy [352] as expression of EIF4EBP1 increases 

in uterine LE/sGE and GE.  Further, the PI3K/PKB/FRAP1/EIF4EBP1 cascade regulates 

SLC2A1 mRNA translation in fibroblasts [405] and both IFNA and IFNG regulate 

FRAP1/ EIF4EBP1 mRNA expression by induction of interferon-stimulated gene 15 and 

CXCL10 proteins [408]. 

Recent studies of Raptor, Lst8 [13], Rictor [13, 14] and Mapkap1 [15] null mice 

confirmed that mTORC1 and mTORC2 have distinct functions in the early embryonic 

development.  Consistent with those results, p-FRAP1 protein and FRAP1 mRNA 

abundance did not change in conceptuses between Days 13 and 18 of pregnancy (Figs. 

9.6B, 9.2B) in spite of the presence of RAPTOR mRNA in conceptuses and RICTOR 

mRNA primarily in uterine GE (Fig. 9.4).  Due to competition between RAPTOR and 

RICTOR for binding to FRAP1 [282], the relative abundance of RAPTOR and RICTOR 

likely affects formation of mTORC1 and mTORC2 complexes and associated cell 

signaling. In addition, there was consistently strong expression of RHEB (Figs. 9.2A, 

9.7A) in peri-implantation conceptuses.  The availability of amino acids, e.g., arginine 

and Leu, as well as glucose, increase markedly in the ovine uterine lumen [305] and 

conceptuses [204] during early pregnancy which may promote RHEB binding to FRAP1 

[409].  Meanwhile, the inhibitor of initiation of protein translation, i.e., EIF4EBP1 is 

very low to undetectable in ovine peri-implantation conceptuses.  Collectively, these 
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changes in abundance of components of the FRAP1 cell signaling pathway may favor 

trophectoderm growth and conceptus development during the peri-implantation period in 

ruminants. 

In summary, novel findings of this study are that expression of RHEB and 

EIF4EBP1 mRNAs is regulated by P4 and IFNT and P4, respectively, to affect function 

of FRAP1-mediated cell signaling during early pregnancy. These results provide a 

framework for future studies to elucidate underlying mechanisms that regulate 

expression of genes for components of the mTOR-complex.  The expression of 

mTORC1 and/or mTORC2 activities in conceptuses and uterine endometrial likely 

mediate interactions between the uterus and conceptus required for growth and 

development during the peri-implantation period of pregnancy in response to a multitude 

of stimuli including hormones, cytokines and nutrients such as Arg and glucose.  

 

 

 

 

 



 

 

200 

CHAPTER X 

SUMMARY AND FUTURE RESEARCH 

 

To elucidate the relationship among nutrient sensing, FRAP1 signaling and ovine 

conceptus survival and development, the objectives of the research reported in this 

dissertation were to determine temporal changes in quantities of select nutrients in 

uterine histotroph during the estrous cycle and early pregnancy (peri-implantation 

period), to determine temporal and spatial changes in expression of glucose transporters 

and amino acid transporters, as well as NOS3, NOS2, NOS1, ODC1 and IGF2 and 

FRAP1 complexes mTORC1 and mTORC2 in ovine uteri and peri-implantation 

conceptuses and to investigate the effects of P4 and IFNT on expression of these genes 

in ovine uterine endometria.  

Nutrients in uterine secretions are components of histotroph that are essential for 

development and survival of conceptuses during pregnancy; however, little is known 

about changes in amounts of specific nutrients in uterine fluids of cyclic and pregnant 

ruminants.  Studies in Chapter III determined quantities of glucose, amino acids, 

glutathione, calcium, sodium and potassium in uterine lumenal fluids from cyclic (Days 

3 to 16) and pregnant (Days 10 to 16) ewes. Total recoverable glucose, Arg, Gln, Leu, 

Asp, Glu, Asn, His, beta-Ala, Tyr, Trp, Met, Val, Phe, Ile, Lys, Cys, Pro, glutathione, 

calcium and sodium was greater in uterine fluid from pregnant than cyclic ewes between 

Days 10 and 16 after the onset of estrus.  In cyclic ewes, changes in total amounts of 

glucose, Asn, Cit, Tyr, Trp, Met, Val, Cys, glutathione, calcium and potassium were not 

significant between Days 3 and 16.  However, in pregnant ewes, amounts of glucose, 

Arg, Gln, Glu, Gly, Cys, Leu, Pro, glutathione, calcium and potassium in uterine fluids 

increased 3- to 23-fold between Days 10 and 14 and remained high to Day 16.  Of 

particular interest were increases in glucose, Arg, Leu and Gln in uterine flushings of 

pregnant ewes between Days 10 and 16 of pregnancy.  Total amounts of His, Orn, Lys, 

Ser, Thr, Ile, Phe, Trp, Met, and Cit in uterine fluids also increased, but to a lesser extent 

during early pregnancy.  These novel results indicate activation of pregnancy-associated 
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mechanisms for transport of nutrients into the uterine lumen, and provide a framework 

for future studies of nutrients, including glucose, amino acids and glutathione, required 

to activate nutrient sensing cell signaling pathways for growth, development and 

survival of conceptuses, as well as for optimization of culture media for in vitro studies 

of conceptus development. 

The nutrition in the early embryo/conceptus development may have long-term 

consequence in the adult health even next generation besides the impact on the 

pregnancy outcome [5, 89, 136, 154, 197].  During the last decade, the study on the fetal 

origin of adult disease and health, Barker Hypothesis, has been one of the hot spots in 

the life sciences.  Although the mechanisms responsible for the Barker Hypothesis 

remains unclear, epigenetics, for example, methylation of DNA and protein may be one 

of the mechanisms.  Among the select nutrients found in the uterine secretions, serine 

may act as the provider of the one carbon group, methionine may be carrier of one 

carbon group while Arg, Lys and His residues may be target of methylation in the 

protein.  However, how the changes in these amino acids affect the peri-implantation 

conceptus via the methylation is unknown.  The research on the nutrition in early 

embryo development may be of great significance in the assisted human reproduction, 

because gametes and embryo may be prone to epigenetics alterations when  exposed in 

specific culture media in the in vitro procedures.  

As reported in Chapter III, total glucose in ovine uterine lumenal fluid increased 

6-fold between Days 10 and 15 of gestation, but not the estrous cycle; therefore, as 

reported in Chapter IV, glucose transporters were studied to determine effects of the 

estrous cycle, pregnancy, P4 and IFNT on expression of both facilitative (SLC2A1, 

SLC2A3 and SLC2A4) and sodium-dependent (SLC5A1 and SLC5A11) glucose 

transporters in ovine uterine endometria from Days 10 to 16 of the estrous cycle and 

Days 10 to 20 of pregnancy as well as in conceptuses from Days 10 to 20 of pregnancy.  

SLC2A1 and SLC5A1 mRNAs and proteins were most abundant in uterine LE/sGE, 

whereas SLC2A4 was present in stromal cells and GE.  SLC5A11 mRNA was most 

abundant in endometrial GE while SLC2A3 mRNA was not detectable in endometria.  
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SLC2A1, SLC2A3 and SLC2A4, SLC5A1 and SLC5A11 were expressed in trophectoderm 

and endoderm of conceptuses.  Steady-state levels of SLC2A1, SLC5A1 and SLC5A11 

mRNAs, but not SLC2A4 mRNA were greater in endometria from pregnant than cyclic 

ewes. Progesterone increased SLC2A1, SLC5A11 and SLC2A4 mRNAs in LE/sGE, and 

SLC5A1 in GE of ovariectomized ewes.  Expression of SLC5A1 was inhibited by 

ZK136,317 (progesterone receptor antagonist) and the combination of ZK136,317 and 

IFNT further decreased expression in GE.  In constrast, P4 induced and IFNT further 

stimulated expression of SLC2A1 and SLC5A11 and these effects were blocked by 

ZK136,317. Results of this study indicated differential expression of facilitative and 

sodium-dependent glucose transporters in ovine uteri and conceptuses for transport and 

uptake of glucose and that P4 or P4 and IFNT regulate their expression during the peri-

implantation period of pregnancy. 

In future studies, the activity of glucose transporters in the ovine uteri and 

conceptuses must be analyzed to understand mechanisms responsible for changes in 

glucose availability in the uterine lumen and uptake of glucose by tissues of peri-

implantation conceptuses.  In addition, expression of glucose transporter SLC2A1 is 

regulated by FRAP1 [396, 397], but this has not  been determined in uterine tissues from 

any species.  Results of the present study indicated that glucose transporters are also 

regulated by P4 and/or IFNT, although the underlying mechanisms are unknown.   Thus, 

the expression of SLC2A1 may be regulated by both FRAP1 signaling pathway and cell 

signaling pathways activated y reproductive hormones in ovine uterine endometria that 

converge to affect expression of SLC2A1.  Future studies to answer this question are 

warranted. 

Arginine is an essential amino acid for conceptus growth and development.  The 

availability of Arg increased significantly in uterine secretions during the peri-

implantation stage of pregnancy (Chapter III); however, mechanisms for Arg transport 

into the uterine lumen and uptake by conceptuses are largely unknown.  Therefore, as 

reported in Chapter V, expression of System y+ (SLC7A1, 2 and 3) cationic amino acid 

transporters in uteri of cyclic and pregnant ewes and conceptuses were studied to 
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determine effects of pregnancy, P4 and IFNT on their expression.  SLC7A1 mRNA was 

most abundant in endometrial LE/sGE on Day 16 of the estrous cycle and Days 16 to 20 

of pregnancy, whereas SLC7A2 mRNA was most abundant in LE and mid- to deep GE 

between Days 14 and 20 of gestation.  Expression of both SLC7A1 and SLC7A2 was 

enhanced in pregnant ewes in a cell-specific manner, but abundance of SLC7A3 was not 

affected by either day of the estrous cycle or pregnancy status.  SLC7A1, SLC7A2 and 

SLC7A3 mRNAs were expressed in both trophectoderm and endoderm of conceptuses. 

In ovariectomized ewes, short-term treatment of ewes with P4 and IFNT did not affect 

endometrial SLC7A1 mRNA, while long-term treatment with P4 stimulated SLC7A1 in 

both LE and GE, and IFNT tended to increase SLC7A1 abundance in LE.  SLC7A2 

mRNA abundance was increased 4.1-fold by short-term P4 treatment and an additional 

1.7-fold by IFNT primarily in endometrial LE/sGE, and these effects were ablated by a 

progesterone receptor antagonist. These results indicate that coordinate changes in 

SLC7A1, SLC7A2 and SLC7A3 expression in uterine endometria and conceptuses are 

important for transport of Arg into the uterine lumen and uptake by conceptuses that is 

critical to conceptus growth, development and survival. 

In this study, we were unable to localize proteins for cationic amino acid 

transporters in ovine uteri and conceptuses due to the unavailability of antibodies; 

therefore, this analysis must be done in the future.  In addition, the mRNA levels of 

SLC7A1, SLC7A2 and SLC7A3 were very weak in conceptuses.  Whether other amino 

acid transporters other than members of the CAT family play a role in transport of Arg 

in conceptuses is unknown and needs to be determined.  In contrast, the enhancement of 

CAT expression in uterine endometria and Arg transport is clear and this is likely to be a 

crucial event promoting  pregnancy outcome in mammals including gilts [328] and rats 

[329].  On the contrary, reduced activity and expression of SLC7A1 and SLC7A2 in 

umbilical vein endothelial cells may be responsible for intrauterine growth retardation in 

humans [330].  Therefore, further studies of the mechanisms regulating cationic amino 

acid transporter expression, and Arg metabolism will be beneficial for understanding 

strategies to prevent IUGR and improve pregnancy outcome. 
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In the previous study (Chapter III) we found that the availability of specific 

neutral and acidic amino acids in the uterine lumen of ewes increased significantly 

during the peri-implantation period, but mechanisms for their transport into the uterine 

lumen and uptake by conceptuses are not established in any species.  Therefore, as 

reported in Chapter VI, effects of pregnancy, P4 and IFNT on expression of neutral and 

acidic amino acid transporters in uteri of cyclic and pregnant ewes and conceptuses was 

studied.  SLC1A2, SLC1A3, SLC3A1, SLC6A14, SLC6A19, SLC7A6, SLC38A3 and 

SLC38A6 mRNAs were only weakly expressed in the ovine endometrium.  However, 

SLC1A4, SLC1A5, SLC7A8 and SLC43A2 mRNAs were detectable in uterine LE/sGE 

and/or GE.  SLC1A1 and SLC7A5 mRNAs were most abundant in LE/sGE and GE.   

SLC1A3 and SLC38A4 mRNAs were most abundant in uterine stroma.  SLC38A6 mRNA 

was detected only in cells with a stromal distribution suggesting that they belonged to an 

immune cell lineage.  SLC1A5 mRNA was expressed primarily in LE/sGE and stromal 

cells and was more abundant in uteri of pregnant ewes (day X status interaction; 

P<0.05).  Further, P4 induced and IFNT further stimulated SLC1A5 expression in 

LE/sGE.  Endometrial SLC1A1, SLC7A5 and SLC43A2 mRNAs demonstrated both 

temporal and cell specific changes.  Several mRNAs were detectable in trophectoderm 

(SLC6A19, SLC7A5, SLC7A6, and SLC43A2), while others were more abundant in 

endoderm (SLC1A4, SLC1A5, SLC6A19, SLC7A5, SLC7A6, SLC7A8 and SLC43A2) of 

conceptuses.  These results document coordinate changes in expression of transporters 

that are likely responsible for increases in amounts of neutral and acidic amino acids in 

the uterine lumen to support conceptus growth, development and survival. 

These novel findings provide new insights into possible mechanisms whereby 

amino acids are transported into the uterine lumen for nutritional support of 

embryonic/conceptus survival, growth and development. When antibodies to neutral 

amino acid transporters become available, immunolocalizaiton of these transporters will 

be important for understanding mechanisms responsible for the changes in their 

abundance in the ovine uterine lumen during the early pregnancy and the transport of 

neutral amino acids by trophectoderm, endoderm and inner cell mass of the conceptus.  
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Among these amino acid transporters, SLC1A5 and SLC7A5 are target proteins of 

FRAP1 signaling pathway [230, 232, 399] that may play important roles in conceptus 

development via transport of Gln and Leu, respectively.  Future studies will also explore 

mechanisms whereby these amino acids influence development of trophectoderm, 

endoderm and inner cell mass via amino acid transporters and FRAP1 cell signaling 

pathway.   

Nitric oxide (NO) and polyamines are critical for implantation and development 

of conceptuses, but mechanisms regulating their biosynthesis in uteri and conceptuses 

are largely unknown.  The experiments described in Chapter VII were to determine 

effects of the estrous cycle, pregnancy, P4 and IFNT on expression of NO synthases 

(NOS1, NOS2, NOS3), GTP cyclohydrolase (GCH1, the key enzyme in de novo 

synthesis of BH4, a cofactor for NO production), and ornithine decarboxylase (ODC1) 

in uterine endometria from cyclic (Days 10-16) and pregnant (Days 10-20) ewes. The 

mRNAs and proteins for NOS1 and ODC were most abundant in uterine LE/sGE and 

abundance was affected by day of the estrous cycle and early pregnancy.  NOS2, GCH1 

and NOS3 mRNAs were detected in very low abundance in uterine epithelia and stromal 

cells both cyclic and pregnant ewes.  NOS1 mRNA was also expressed very weakly in 

conceptuses, whereas NOS3 mRNA was abundant in trophectoderm and endoderm of 

conceptuses, as were total NOS1 and NOS3 proteins, inhibitory p-NOS1 protein and 

stimulatory p-NOS3 protein.   GCH1 mRNA was abundant in trophectoderm and 

endoderm of conceptuses between Days 13 and 15 of pregnancy and then decreased 

while ODC1 mRNA abundance increased in conceptuses between Days 13 and 18 of 

pregnancy.  GCH1 protein was localized primarily to nuclei of trophectoderm and 

endoderm, and its abundance decreased after Day 14 of pregnancy, whereas ODC1 

protein was more abundant in trophectoderm than endoderm between Days 13 and 18 of 

pregnancy.  P4 stimulated NOS1 and GCH1 expression in LE/sGE and GE, while IFNT 

inhibited NOS1 expression in these cell types. Thus, biosynthesis of NO and polyamines 

in ovine uterine endometria and conceptuses is potentially regulated at transcriptional, 
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translational and post-translational levels to favor conceptus development and 

implantation.  

In the future, activities of NOS, ODC1 and GCH1 in ovine uterine endometria 

and peri-implantation conceptuses must be investigated. In this present study, the 

phosphorylated form of NOS, including NOS1 and NOS3, were determined by 

immunohistochemistry. However, phosphorylation is only one factor affecting NOS 

activity which may finally determine their physiological roles [107].  Specifically, the 

analysis of activities of each of the three isoforms of NOS may contribute to 

understanding the differential roles of NOS isoforms in ovine uteri and conceptuses 

during early pregnancy and how the production of NO in ovine uteri is controlled to 

balance its beneficial and deleterious effects on conceptus development.  Exploring the 

underlying mechanisms whereby P4 stimulates expression of NOS1 and GCH1 and 

IFNT inhibits expression of NOS1 is expected to be helpful in unraveling the 

physiological roles of NO during early pregnancy.  In addition, the roles of NO and 

polyamines in implantation, development and survival of the conceptus will determined 

in future studies. 

IGF2 may play a critical role in fetal-placental development; however, the 

pattern of expression of IGF2 in peri-implantation ovine conceptuses was unknown.  

Therefore, experiments outlined in Chapter VIII were to determine temporal and cell-

speicific changes in expression of IGF2 in uterine endometria of cyclic (Days 10-16), 

early pregnant (Days 10-20), and mid- to late-pregnant (Days 40-120) ewes, as well as in 

peri-implantation conceptuses (Days 13-20 of gestation) and placentomes during mid-

and late-pregnancy (Days 40-120) in ewes.  In situ hybridization analyses found that 

IGF2 mRNA was most abundant in caruncular endometrial stroma of both cyclic and 

pregnant ewes.  In the intercaruncular endometrium, IGF2 mRNA transitioned from 

stroma to LE between Days 14 and 20 of pregnancy.  IGF2 mRNA was present in all 

cells of the conceptus, but particularly abundant in primitive endoderm and yolk sac.  

IGF2 mRNA was abundant in the chrionallantois of conceptuses and in LE of ewes 

during mid- to late-pregnancy. Notably, IGF2 mRNA expression was detectable in GE 
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at Day 80 of pregnancy, increased at Day 100 of pregnancy and remained abundant at 

Day 120 of pregnancy.  IGF2 mRNA was abundant at the interface between 

cotyledonary and caruncular sides of the placentome which indicates that IGF2 may 

regulate conceptus development and fetal-placental development during both early and 

mid- to late-pregnancy.   

The cell-specific expression IGF2 protein in uteri and conceptuses is important to 

elucidating its physiological roles in maternal-conceptus interactions that support 

conceptus development.  We were unable to immunolocalize IGF2 protein in the present 

study due to the lack of a reliable antibody for ovine IGF2.  But, this needs to be done in 

the future to gain understanding of mechanisms by which IGF2 plays a critical role in 

conceptus survival and development.  In the placenta, IGF2 regulates nutrient transport 

(glucose transporters and amino acid transporters) according to fetal demands [76, 87].   

However, the underlying mechanisms responsible for the interaction between IGF2 and 

nutrient transporters is unknown.  More interestingly, IGF2, a paternally imprinted gene, 

may interact with other imprinted genes, for example, SLC38A4 in the placenta and 

possibly in the uterus.  The colocalization of mRNAs for these two genes in ovine uteri 

in this research provides evidence for this proposal. In addition, we propose that there is 

a positive regulatory feedback loop between IGF2 and FRAP1 that is supported by 

results from limited studies [35, 38, 40] and will be tested in the future.     

FRAP1, a component of the nutrient sensing cell signaling pathway, is critical for 

cell growth and metabolism.  However, functions of this signaling pathway in 

interactions between the uterine endometrium and conceptus for growth, development 

and metabolism are unknown.  As reported in Chapter IX, experiments were conducted 

to determined expression of FRAP1 and associated members of the mTORC1 and 

mTORC2 cell signaling pathways in uteri of cyclic and pregnant ewes and conceptuses, 

as well as effects of pregnancy, P4 and IFNT on their expression.  The mRNAs for 

FRAP1, LST8, MAPKAP1, RAPTOR, RICTOR, TSC1, TSC2, RHEB and EIF4EBP1 

were localized to LE/sGE and GE and stromal cells of uteri from cyclic and pregnant 

ewes, as well as trophectoderm and endoderm of conceptuses between Days 13 and 18 
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of pregnancy.  The abundance of FRAP1, RAPTOR, RICTOR, TSC1 and TSC2 mRNAs 

in endometria was not affected by pregnancy status, day of the estrous cycle or day of  

pregnancy; however, levels of LST8, MAPKAP1, RHEB and EIF4EBP1 mRNAs 

increased in endometria during early pregnancy.  In ovariectomized ewes, P4 and IFNT 

stimulated expression of RHEB and EIF4EBP1 in uterine endometria.  Total endometrial 

FRAP1 protein and Ser 2448 phosphorylated FRAP1 protein were affected by pregnancy 

status and day after onset of estrus and phosphorylated FRAP1 protein was detected in 

nuclei of uterine epithelia. FRAP1 was also abundant in cytoplasm and phosphorylated 

FRAP1 was very abundant in nuclei of conceptus trophectoderm and endoderm between 

Day 13 and 18 of pregnancy.  In endometria of pregnant ewes, increased abundance of 

mRNAs for RICTOR, RHEB and EIF4EBP1, as well as RHEB protein were coordinate 

with rapid conceptus growth and development during the peri-implantation period.  

These results strongly suggest that the FRAP1 cell signaling pathway mediates 

interactions between the maternal uterus and peri-implantation conceptuses and that both 

P4 and IFNT affect this pathway by regulating expression of RHEB and EIF4EBP1.   

This present study provides the framework for future studies to elucidate 

underlying mechanisms that regulate expression of genes for components of the mTOR-

complex and the physiological roles of FRAP1 signaling pathways in early pregnancy.  

Future studies will determine: 1) the distribution of component proteins in mTOR-

complexes in ovine uteri and peri-implantation conceptuses; 2) the presence of FRAP1 

signaling pathways in both ovine uteri and conceptuses; 3) the important target proteins 

for FRAP1 signaling pathways in uterine secretions; 4) the interactions among FRAP1 

signaling pathways and cell signaling pathways induced by P4 and IFNT; 5) the effects 

of select nutrients on the peri-implantation conceptus survival and development via 

FRAP1 signaling pathways; and 6)  the differential functions of mTORC1 and mTORC2 

cell signaling pathways on implantation, survival and development of peri-implantation 

conceptuses.     

In conclusion, results of research reported in this dissertation indicate that, during 

the peri-implantation stage of pregnancy, maternal P4 and conceptus-derived IFNT 
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stimulate expression of transporters for select nutrients (glucose and amino acids) and, 

therefore, transport of select nutrients from the maternal circulation into the uterine 

lumen to support rapid conceptus elongation and trophectoderm outgrowth. The 

proposed mechanisms responsible for the regulation of conceptus survival and 

development by select nutrients during peri-implantation stage of pregnancy are outlined 

in Fig. 10.1.  In the early pregnancy, P4 stimulates expression of glucose transporters 

(SLC2A1, SLC5A1, SLC5A11) and amino acid transporters (SLC7A1, SLC7A2, 

SLC1A5) in uterine LE/sGE and GE or stimulates expression of RHEB and activation of 

FRAP1 which stimulates expression of glucose transporters and amino acid transporters.  

The increased expression of glucose and amino acid transporters promotes transport of 

glucose and amino acids into the uterine lumen where they are uptaken by trophecterm 

and endoderm cells in the conceptus by nutrient transporters.  Besides being metablized 

by cells of the conceptus, glucose, Gln, Leu and Arg also stimulate the FRAP1 cell 

signaling pathway to promote cell proliferation, migration, differentiation and gene 

expression.  Certain glucose transporters and amino acid transporters in conceptuses may 

be target proteins of FRAP1 signaling.  IFNT, synthesized and secreted by mononuclear 

trophectoderm cells also stimulates expression of glucose transporters (SLC2A1, 

SLC5A11) and amino acid transporters (SLC7A1, SLC7A2, SLC1A5) with or without 

the participation of RHEB and FRAP1 cell signaling.  P4 and IFNT may also regulate 

expression of genes for increasing uterine blood flow and delivery of select nutrients for 

transport into the uterine lumen.  P4 increases the production of NO by stimulating 

expression of GCH1 and NOS1, while IFNT inhibits expression of NOS1.  In addition, 

the presence of FRAP1 and its associated mTORC1 and mTORC2 complexes, as well as 

IGF2, NOS, GCH1, and ODC1 in peri-implantation conceptus likely regulate ovine 

conceptus survival and development during pregnancy.   
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FIG. 10.1.  The proposed mechanisms responsible for the regulation of conceptus survival and 
development by select nutrients in the peri-implantation stage of pregnancy.  Legends: P4: progesterone; 
IFNT: interferon tau; LE: luminal epithelium; GE: glandular epithelium;Tr: trophectoderm; En: primitive 
endoderm; (+): an increase in gene expression and/or enzyme activation; (-): an inhibition of gene 
expression. 

 

 Future research should determine mechanisms responsible for changes in 

abundance of glucose and amino acid transporters in uterine endometria and 

conceptuses, as well as mechanisms whereby glucose and amino acids stimulate FRAP1 

cell signaling pathways that regulate the cell proliferation, differentiation and migration 

of ovine trophectoderm.  Further, additional research is need to understand crosstalk 

between reproductive hormones including P4 and IFNT and components of the FRAP1 

cell signaling pathway to better understand the mechnisms select nutrients are 

transported into the uterine lumen to affect conceptus development.  Answers to these 
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questions will likely suggest practical means to reduce early embryonic death and 

improve pregnancy rates and reproductive health of both humans and animals.   
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