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ABSTRACT 
 

 This thesis involved the investigation of luteal, endometrial and embryonic putative gene 

regulators in the maternal recognition of pregnancy in the horse, with an emphasis on 

understanding the role of oxytocin and oxytocinase in early pregnancy. The first objective was to 

validate the safety and health outcomes of mares following a transvaginal ultrasound-guided 

ovarian (TVOB) and serial luteal biopsy (TVLB), which was utilized as a means to obtain luteal 

tissue for gene expression studies without affecting pregnancy. The TVLB technique was 

determined to be safe and did not to affect pregnancy rate even after serial biopsy of the equine 

corpus luteum. The accuracy of the luteal biopsy technique was validated with histology, serial 

serum progesterone analysis and by gene expression studies using Aromatase, which is only 

expressed in luteal tissue and not in the adjacent ovarian stroma. We concluded TVLB was a safe 

and useful tool when studying luteal events in equine pregnancy. 

 The second objective was to determine the effect of intrauterine administration of plant 

oils, such as coconut oil, on equine luteal function. A previous report using intrauterine infusion 

of a bioidentical coconut oil, product prolonged luteal function. The infusion of coconut oil 

during diestrus shortened the luteal phase in the mare, demonstrating that plant oil was not 

effective in keeping mares out of heat. 

 The third objective was to characterize serum and tissue oxytocinase (LNPEP) in mares, 

especially during early and late pregnancy and to characterize the expression of oxytocin (OXT) 

in reproductive tissues. Serum LNPEP did not differ between pregnant and nonpregnant mares, 

or between late prepartum and immediately post-partum period. Tissue LNPEP was widely 

distributed among the reproductive tissues of the mare, including the placenta. Oxytocin was 

demonstrated to be expressed in the equine corpus luteum, but not in the endometrium or 

myometrium. This chapter described the presence of oxytocin and oxytocinase and their 

importance in reproductive function in the mares. 

The fourth objective was to compare the equine endometrial and luteal gene expression in 

mares that either were treated pharmacologically or naturally induced to have prolonged or 

shortened luteal phases. This series of experiments included six groups: pregnant mares, 

nonpregnant diestrous mares, estrous mares, mares treated with carbetocin, oxytocin, and 

meclofenamic acid. Both OXT and LNPEP were expressed in the equine luteal tissue. 
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Carbetocin-treated mares had similar gene expression profiles to estrous mares and had an 

increased expression of endometrial phospholipase A2 (PLA2G2C) and a decreased expression 

of both endometrial and luteal prostaglandin E synthase (PTGES). Furthermore, PTGES 

expression was higher in diestrous, pregnant and oxytocin treated mares, suggesting that 

prostaglandin E (PGE) may have a luteoprotective role. 

To further characterize the gene expression during expected time of MRP, the fifth 

objective focused on comparing endometrial and luteal gene expression of pregnant and 

nonpregnant mares in different days of the cycle: Day (D)8, D10, 12 and 15. Endometrial and 

luteal PTGES have an increased mRNA abundance in both diestrous and pregnant mares, further 

supporting the luteotrophic role of PGE for luteal maintenance. 

Lastly, the sixth objective was to compare the trophoblastic gene expression on Day 8 

through D21 and to immunolocalize OXT and LNPEP in the equine embryo. Prostaglandin 

synthase 2 (PTGS2) was increased in D14, D15 and D21 embryos; prostaglandin F receptor 

(PTGFR) was increased from D8 to D12-21; and LNPEP was increased at D15 compared to 

D10. Oxytocin was not detected by either immunohistochemistry (IHC), the RNAscope 

technique or by liquid chromatography tandem mass spectrometry (LC-MS/MS). The presence 

of LNPEP was confirmed with IHC and LC-MS/MS. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 
 

1.1 Introduction 
 

Early embryonic loss in mares is a major problem which has been reported to affect 17.3% of 

pregnancies detected at day 15, with the majority of the embryonic losses (59.7%) occurring 

between days 15 and 35 of pregnancy (Morris and Allen 2002). The estimated cost of producing 

a Thoroughbred foal through its sale as a yearling is $85,142, which includes the cost of keeping 

a broodmare, stud fee, weanling and yearling costs (Thalheimer and Lawrence 2001). Therefore, 

early embryonic mortality causes very significant economic losses in the equine industry. 

Understanding the mare’s ability to recognize the presence of an embryo and block the luteolytic 

signal is believed to be key to reducing those losses. The early feto-maternal interaction in the 

horse has been topic of much research, and though many scientific discoveries have been made 

in this field, there is still a lack of information and evidence that explains the molecular events 

that constitute the maternal recognition of pregnancy (Stout and Allen 2001; Klein and 

Troedsson 2011; Aurich and Budik 2015). This embryonic and maternal interaction is reported to 

include embryonic signals that are received by the mare’s endometrium, which leads to the 

maintenance of luteal function so that pregnancy continues. There is a comprehensive 

understanding of the mechanisms behind the embryonic-maternal interactions in the sheep, cow 

and sow compared to the mare (Bazer 2016). The advancement of the knowledge of the early 

embryo-maternal communication may provide information critical to reducing early embryonic 

loss in the mare, which affects the equine industry. 

 

1.2 Literature Review 
 

1.2.1 Histological anatomy of equine endometrium  
 

The equine uterus is a simplex bipartitus uterus. The corpus-cornual uterine junction is the 

location where the embryo becomes fixed (Bergfelt 2009), and therefore the place where 

endometrial biopsies are sampled for diagnostic or research purposes. The uterus has three layers 

the: inner layer or mucosa (endometrium), muscular layer (myometrium) and outer layer or 
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perimetrium. The endometrium is subdivided into the luminal epithelium and the lamina propria, 

where the latter is subdivided into the stratum compactum and the stratum spongiosum. The 

endometrial glands are found in high numbers in the stratum spongiosum (Kenney 1978). 

Inflammatory cells, such as neutrophils and plasma cells or lymphocytes are more commonly 

present in the stratum compactum than in the spongiosum (Kenney 1978). The equine luminal 

and glandular epithelium is composed of ciliated and non-ciliated cells (secretory). It has been 

demonstrated that the ratio of ciliated and non-ciliated cells changed throughout the estrous cycle 

of the mare. The non-ciliated (secretory) cell numbers decline after estrus and by mid-diestrus 

there is maximum number of ciliated cells (Samuel et al. 1979). However, a more recent study 

found no differences in mares in the percentage of ciliated and non-ciliated cells in estrus and 

diestrus (Ferreira-Dias et al. 1994; Morresey et al. 2010). Furthermore, in another study that 

compared nulliparous and foaling mares, there were no differences in the morphology of 

secretory cells based on the status of the endometrial glands; however, the ciliated cells were 

found to be less common in the deeper glandular regions. Those authors also suggested that the 

secretory mechanism of the endometrium of estrus mares is merocrine through exocytosis; due to 

the amount of vacuolization noted in the epithelial cells in transmission electron microscopy of 

those estrus biopsies (Tunón et al. 1995). 

 

1.2.1.2 Equine corpus luteum 
  

The corpus luteum (CL) is a dynamic transient endocrine structure of the ovary that secretes 

progesterone, among other hormones, to support pregnancy (Niswender and Nett 1988). It 

develops from a previous mature follicle after ovulation, and it is composed blood vessels, 

fibroblasts, macrophages, smooth muscles cells, large and small luteal cells. The large luteal 

cells originate from the follicular granulosa cells and the small luteal cells from the theca cells in 

most domestic animal species. However, in the horse, small luteal cells are not thecal in origin 

(van Niekerk et al. 1975; Ginther 1992), and the small luteal cells are subsequently replaced by 

hypertrophied fibroblasts (van Niekerk et al. 1975). Histologically, large luteal cells have been 

described to be light in color in contrast to small luteal cells which are darker. In ruminants, both 

the small and large luteal cells are responsible for progesterone production, with a greater 
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number of small than large luteal cells composing the CL. However, large luteal cells make a 

greater contribution to progesterone secretion (O’Shea et al. 1979).  

 In the mare, it has been demonstrated based on an immunohistochemistry study that the 

progesterone receptor (PGR) has only been localized in the large luteal cells and the number of 

large luteal cells parallels the increase in serum progesterone concentration, and therefore those 

authors suggested progesterone seems to be produced only by the large luteal cells (Ferreira-Dias 

and Mateus 2003). In addition, 3b-hydroxysteroid dehydrogenase (3β-HSD), a steroidogenic 

enzyme, has been demonstrated to be absent in small luteal cells in mares (Broadley et al. 1994). 

Contrary, to the studies mentioned above, an in vitro study has demonstrated through 

dissociation of small and large luteal cells, that both cells types were able to produce 

progesterone (Kelly et al. 1988). Watson (2000) has published an immunolocalization study of 

the enzyme P450C17 in the CL of pregnant and nonpregnant mares. The author demonstrated 

that granulosa cells solely expresses P450 aromatase and that the theca cells expresses P450C17. 

The author also suggested that small luteal cells produce androgen for the large luteal cells to 

aromatize to estrogen (Watson 2000). In addition, P450 aromatase was not detected in theca 

interna, preantral follicle, or stroma cells, indicating that equine ovaries are capable of estrogen 

synthesis, but progesterone production comes from the large luteal cells (Mlodawska and 

Slomczynska 2010). Costa and coauthors (2005) investigated progesterone receptor (PGR) and 

proliferating cell nuclear antigen (PCNA) expression in the equine CL, and identified that they 

were both present in large luteal cells until mid-luteal phase, which was consistent with the 

previous findings that large luteal cells are the main source of progesterone. 

Besides progesterone production, the equine CL has been demonstrated to have 

luteinizing hormone (LH) receptors (LHR) and vascular endothelial growth factor (VEGF) is 

present in serial CL biopsies. The authors have demonstrated that exogenous deslorelin acetate 

increases the relative abundance of LHR in the early CL, and they have suggested that LH may 

have a luteotrophic action on the CL (Maia et al. 2016). Furthermore, Watson (1999) 

demonstrated through immunohistochemistry studies that the equine CL is not a substantial 

source of oxytocin, and is unlike ruminants where luteal oxytocin is a contributor to the 

luteolytic mechanism (McCracken et al. 1999).  Oxytocin in the horse has been reported to be 

arise predominately from the posterior pituitary and from the endometrium in the mare (Watson 

et al. 1999; Bae and Watson 2003). 
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Ferreira-Dias and co-authors (2008) have reviewed the angiogenesis and apoptotic events 

in the equine CL. Those authors suggest that progesterone acts in autocrine regulation of the CL 

and that cytokines such as TNFα and other factors, such as nitric oxide (NO) may be involved in 

the events leading to the CL regression. Those authors have also demonstrated that the early and 

mid-luteal phase CL produce significant amounts of prostaglandin E2 (PGE2), which may 

support luteal function (Ferreira-Dias and Skarzynski 2008).  In addition, the early CL has been 

demonstrated to have the highest abundance of mRNA for prostaglandin-endoperoxide synthase 

2 (PTGS2) and prostaglandin E synthase (PGES / PTGES) when compared to the mid- and late-

estrous cycle CL, whereas prostaglandin F synthase (PGFS) was demonstrated to be higher in 

mid-estrous cycle CL. Furthermore, when CL explants were co-cultured with prostaglandin F2 

alpha (PGF2α) and PGE2 there was a stimulation of progesterone and oxytocin secretion, as well 

as mRNA transcription of PTGS2, PTGES, oxytocin receptor (OXTR) and 3βHSD. Prostaglandin 

E2 also decreased the PGF2α secretion (Lukasik et al. 2014). 

 Nodal is secretory protein that belongs to the Transforming Growth Factor (TGF-β) 

superfamily and seems to be involved in dynamic events like embryogenesis, angiogenesis and 

the CL events. Galvão and coauthors (2016) have demonstrated the presence of Nodal and its 

receptors [activin receptor A type IIB (ACVR2B), activin-like kinase (Alk) (Alk4 and Alk7) in 

early, mid- and late-cycle CL in post-mortem specimens; and in an in vitro model they have 

looked at the effect of Nodal on progesterone, prostaglandin E2 (PGE2) and prostaglandin-F2α 

(PGF2α) secretion. Those authors have demonstrated that Nodal and Alk7 proteins were highest 

in the mid-cycle CL, and that luteal cells treated with Nodal decreased the production of 

progesterone and PGE2, and that progesterone inhibited both PGF2α and Nodal synthesis. 

Furthermore, they have shown that PGE2 promoted mRNA transcription of steroid acute 

regulatory protein (StAR). Altogether, those authors have demonstrated Nodal signaling is 

present in the equine CL, that it is activated in functional luteolysis, and have suggested a 

luteotrophic role for PGE2 (Galvao et al. 2016). A more recent study from the same group has 

evaluated TGF-β1 in relationship to functional and structural luteolysis, and have found that 

luteal cell treatment with TGF-β decreased progesterone and PGE2 concentrations and increased 

PGF2α concentrations in culture media.  Transforming growth factor decreased the expression of 

mRNA and amount of: StAR protein, cytochrome P-450 side-chain cleavage enzyme (CP11A1), 

cytosolic PTGES (cPTGES) and microsomal PTGES1 (mPTGES1), whereas treatment of the 
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luteal cells with PGF2α resulted in both TGF and Alk5 upregulation, further supporting the roles 

of Alk in activation during luteolysis (Galvão et al. 2018). Further investigation using an in vivo 

model is warranted to confirm the Nodal signaling pathway in functional luteolysis and the 

luteotrophic role of PGE2. In ruminants, the CL production of leukotrienes regulates CL 

function, and intrauterine infusion of an inhibitor of arachidonate 5-lipoxygenase causes a delay 

in luteolysis (Milvae et al. 1986; Cooke and Ahmad 1998; Korzekwa et al. 2010), but there are 

no investigations on the role of leukotrienes in the equine CL.  

 Slough and co-authors (2011) have collected transvaginal luteal biopsies from mares on 

days day 2 and 5 post-ovulation and every other day from D12 until luteolysis and have looked 

at the temporal gene expression of StAR, 3β-HSD, COX-2 (now known as PTGS2), and 

Caspase-3. They have identified declining steady state of 3β-HSD between D12 and 14. No 

differences in COX-2 or Caspase-3 expression were identified (Slough et al. 2011). There have 

been relatively few studies on the temporal gene expression at the expected time of luteolysis or 

maternal recognition of pregnancy (MRP) in the mare in relationship to oxytocin and 

prostaglandin related genes on the equine corpus luteum. No studies have comprehensively 

evaluated temporal luteal gene expression comparing pregnant and nonpregnant mares.   

 

1.2.1.3 Embryonic anatomy 
 

Oocyte fertilization occurs in the mare’s oviduct, and the embryo then descends into the uterine 

lumen around 6.5 days post-ovulation. By Day 5, the embryo is still in the morula stage with 

advanced blastomere compaction and with the presence of a zona pellucida (Betteridge et al. 

1982). Shortly after entering the uterus, the zona pellucida is shed, and the embryo is surrounded 

by a glycoprotein capsule (Betteridge 2007). By Day 8, the endoderm merges to complete the 

formation of the yolk sac, transforming the early embryo into a blastocyst. The equine embryonic 

placenta layers include ectoderm (trophoblast), mesoderm and endoderm (Ginther 1998), from 

the most outer to the most inner layers. The inner cell mass develops at around Day 9, which will 

give rise to the embryo proper. The embryo at this stage has a single layer of ectodermal cells 

(the trophoblast) (Ginther 1992). The capsule can be visualized in the early embryo developing 

in the inner side of the zona pellucida, prior to the disappearance of the zona (Betteridge 2007). 

The capsule helps maintain the embryonic spherical shape and it remains from between day 6.5 
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to day 21 post-ovulation, where it then disappears (Betteridge 1989; Ginther 1998). The 

embryo’s single cell layer will develop into a two-layer structure by the formation of another 

single cell layer of endoderm which is complete by Day 12 (Ginther 1992), and by Day 14 the 

mesoderm develops from the embryonic disc that gives rise to the three-cell layer (Ginther 1998; 

Walter et al. 2010). 

Betteridge (2007) has reviewed the early embryonic anatomy and through transmission 

electron microscopy (TEM) has defined the layers including the yolk sac, subtrophectodermal 

space, endoderm, trophectoderm, and capsule. The endodermal yolk sac cells have been 

demonstrated through TEM to have a darker cytoplasm compared to ectodermal cells (Walter et 

al. 2010). Endoderm and ectoderm cells have been demonstrated to have tight junctions in 

between them, which is important in the control of intercellular transport, as the yolk sac fluid is 

hypotonic and water transport needs to occur against the osmotic gradient (Betteridge 1989).  

 

1.2.1.4 Endocrinology of the estrous cycle 
 

The mare is seasonally polyestrous, with the physiological breeding season starting in the spring 

and summer months in the Northern Hemisphere (Brinsko et al. 2011).  During the physiological 

breeding season, the estrous cycle of the mare can be divided into the follicular phase (estrus) 

and the luteal phase (diestrus). The follicular phase length is in average 4 to 7 days, and the luteal 

phase consists of 14 days, which is makes the estrous cycle around 21 days total (Aurich 2011).   

Kisspeptins are neuropeptides that are released from the hypothalamus, and through their 

receptor (KISS1R) stimulates gonadotropin-releasing hormone (GnRH). Gonadotropin-releasing 

hormone acts on the anterior pituitary to release follicle stimulating hormone (FSH) and 

luteinizing hormone (LH) (Magee et al. 2012). These hormones exert action on the ovaries 

resulting in follicle recruitment and eventually ovulation. An increase in circulating LH 

concentration prior to ovulation is accompanied by a moderate increase in FSH, and FSH has a 

second rise at mid-diestrus. The follicular phase is under the influence of estrogen secreted by 

the follicles in the ovary, which contributes to the mare’s receptive behaviour, and together with 

inhibin causes suppression of FSH (Aurich 2011). The follicular phase terminates when the 

dominant follicle ovulates (defined as the Day 0) in the specific region of the ovary (ovulation 

fossa), starting the luteal phase (Brinsko et al. 2011; Aurich 2011). The newly formed corpus 
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luteum starts to produce progesterone, which immediately increases post-ovulation, reaching 

maximal concentration at 8 days post-ovulation (da Costa et al. 2005).  The plasma progesterone 

level in the mare are high for 14-15 days of the luteal phase and then there is a rapid decline due 

to luteolysis if pregnancy is not achieved (Ginther et al. 2005). Luteostasis is therefore 

maintained if an embryo is present and recognized by the mare.  

 
1.2.1.5 Luteolytic mechanism 

	

In the absence of pregnancy most species undergo a process cause luteolysis that returns them to 

estrus. This process often involves the regulation and secretion of prostaglandin by the uterine 

tissues. The process of luteolysis has thus been described in different species as being uterine 

dependent or uterine-independent. Humans are classified as uterine-independent since 

hysterectomy does not prolong luteal lifespan. The luteolytic prostaglandin mechanism in 

women is intra-ovarian in origin and the hCG secreted from the embryo acts in the CL through 

LH receptors to cause luteal maintenance; however, in other subprimate species the luteolytic 

signal is uterine in origin and therefore they are classified as uterine-dependent (Bazer 2016). 

Luteolysis can be divided in two different stages: functional and structural luteolysis. 

Functional luteolysis is related to the drop in the blood progesterone concentration below 

baseline, whereas structural luteolysis occurs after the functional stage in the majority of the 

species, and results in the regression of the corpus luteum (McCracken et al. 1999). 

Ginther (1976) has demonstrated the utero-ovarian vein and the ovarian artery in the 

mare are separated in contrast to ruminant. In ruminants, there is a close attachment of the 

vessels making this utero-ovarian pedicle have a location for a countercurrent exchange 

mechanism, where the prostaglandin secreted from the uterus is transferred to the ovarian artery 

and achieves high enough concentrations to affect luteal tissue function before it is metabolized 

by the lungs (Ginther 1976; McCracken et al. 1999).  In ruminant species this is called a local 

luteolytic pathway, whereas in equids there is a systemic luteolytic pathway due to the 

anatomical differences in the uterine-ovarian vasculature. In mares PGF2α is released by the 

endometrium and reaches the ovary through the systemic circulation (Ginther 1976). It has also 

been demonstrated that cows are more efficient in converting prostaglandin to its metabolite 

(PGFM) as the plasma clearance in heifers is 5 times more than in mares and therefore making 

PGF2α concentrations in plasma greater in mares; and that the half-life distribution and 
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elimination longer in mares (Shrestha et al. 2012).  

In sheep, the local luteolytic pathway is needed as 99% of the PGF2α is metabolized in 

the lungs and converted into the inactive form PGFM (15-keto, 13, 14 dihydro-PGF) (Davis et 

al. 1980). In contrast, in pigs only 19% of PGF2α is metabolized through the lungs, and therefore 

it is suggested that this species most likely has both the local and systemic luteolytic pathways 

(Davis et al. 1980). Functional luteolysis occurs in a rapid manner in a period of 24 hours in 

cows and sheep. During estrus, estrogens from the antral follicles cause upregulation of estrogen, 

progesterone and oxytocin receptors (ESR1; PGR; and OXTR) (McCracken et al. 1984). In 

diestrus, the prolong exposure to progesterone (10 to 12 days), causes a downregulation of 

progesterone receptor (PGR), which will cause an upregulation of estrogen (ESR1) on days 12 

and 13 and oxytocin receptors (OXTR) on day 14 in the uterine luminal and glandular epithelium 

and then in the stroma (Hixon and Flint 1987; Spencer et al. 1995b; Gray et al. 2000). The 

proposed neuroendocrine mechanism of luteolysis is that the estrogen stimulation will cause low 

levels of intermittent oxytocin release, which will interact with the endometrial OXTR and 

release low levels (subluteolytic) of endometrial PGF2α. After the OXTR upregulation, there is 

enhanced endometrial cell production of PGF2α that is transported to the CL. Low levels of 

PGF2α causes release of luteal oxytocin, which will them amplify the release of endometrial 

PGF2α to cause luteal demise (McCracken et al. 1999). 

In ruminants, both OXTRs and PGF2α receptors in the endometrium activate 

phospholipase C (PLC), and then catalyze the conversion of membrane phosphatidylinositol 4,5-

bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacyl glycerol (DAG), in which 

the latter will stimulate protein kinase C to release arachidonic acid (AA) from phospholipids in 

the cell plasma membrane. Arachidonic acid can then be used in the prostaglandin synthesis 

pathway to produce PGF2α (Fortier et al. 2008). 

 In the sow, luteal regression is initiated at around Day 15, and the CL of the pig is 

refractory to prostaglandin until Day 12 (Bazer et al. 1982), as there is lower expression of 

prostaglandin receptors on the CL before that time (Gadsby et al. 2006). Prostaglandin has been 

demonstrated to be uterine in origin, as hysterectomy will prolong the CL by 114 days or more 

(Anderson et al. 1969). Sows have very little oxytocin in their CL, however oxytocin is found in 
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the endometrium of pigs and when oxytocin is administered to hysterectomized sows the CL is 

maintained, demonstrating that uterine derived prostaglandin is needed for luteolysis, and that 

oxytocin is involved in an oxytocin-prostaglandin feedback loop (Mirando et al. 1995). 

Circulating prostaglandin metabolite is lower in pregnant compared to cycling sows, but 

prostaglandins also are needed for pregnancy as inhibition of PTGS2 will lead to loss of 

pregnancy from Day 12 on (Bazer 2016). In swine, the endometrial PGF2α secretion occurs 

between days 14 and 17 of the cycle, and lysis of the CL happens around day 15 (Moeljono et al. 

1977). There is downregulation of PGR (specifically PGRA) in the luminal and glandular 

epithelium after Day 10 in nonpregnant and pregnant sows (Geisert et al. 1994), and then an 

upregulation of ESR1 (Geisert et al. 1993). Around the time of luteolysis (Days 13-15), there is 

an increase in expression of endometrial PTGS1 and PTGS2 in both mRNA and protein level 

(Ashworth et al. 2006). 

 In the horse, functional luteolysis, which occurs around 14 to 16 days post-ovulation, has 

been demonstrated to be associated with the decreased expression of P450scc (Watson et al. 

2005) and a rapid decline in serum progesterone concentration (da Costa et al. 2005). The 

systemic administration of oxytocin is associated with the increase in plasma PGFM in mares 

(Goff et al. 1987), and those results were corroborated by Sharp and coauthors who have 

demonstrated an increase in PGFM after procurement of an endometrial biopsy, which causes 

release of endogenous oxytocin (Sharp et al. 1997). An in vitro study has demonstrated that that 

PGF2α is secreted in endometrial explant cultures that are treated with oxytocin (Ealy et al. 

2010). Prostaglandin F2α is secreted by the endometrium and reaches the CL through the 

systemic pathway, and due to a big portion of it being metabolized in the lungs, prostaglandin 

likely has a high binding affinity for its receptors (Vernon et al. 1979). A recent study on the 

auto-amplification of PGF2α synthesis in the equine endometrium has given more light in to the 

luteolytic mechanism. Mares at mid diestrus that received exogenous PGF2α have an increase in 

circulating PGFM in a two-phase response; the first increase occurred at 45 min post-

administration of the synthetic prostaglandin, and the second rise was at 16 hours after treatment. 

The authors suggested that first peak of PGFM was due to the exogenous PGF2α, however the 

second rise was most likely a result from endometrial prostaglandin production. Those authors 

also have demonstrated using an in vitro study of endometrial explants that the explants have an 

increased PTGS2 expression and release of PGF2α after stimulation with synthetic prostaglandin 
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(Kozai et al. 2016). The equine CL has no oxytocin present (Watson et al. 1999), and therefore 

the oxytocin is involved in the oxytocin-prostaglandin luteolytic relationship was reported to be 

derived from the endometrium and neurohypophysis (Bae and Watson 2003). 

 

1.2.1.6 Maternal recognition of pregnancy 
 

Short (1969) has named the early embryo signaling events that result in the maternal system  

responding to the presence of a pregnancy in the uterus and that subsequently leads to an 

increase in luteal lifespan, as the maternal recognition of pregnancy (MRP) (Short 1969). He also 

introduced the terms luteotrophic, luteolytic and antiluteolytic (Short 1969; Bazer 2016). The 

prolongation of the function of the corpus luteum may be achieved by the: interception of 

luteolysis; secretion of anti-luteolytic substance(s); secretion of luteotrophic factor(s); or a 

combination of these mechanisms. The events and the embryonic factor(s) that will lead to the 

MRP and therefore stop the luteolytic mechanism vary among species. 

 

1.2.1.7 Maternal recognition of pregnancy in ruminant and pigs 
 

The conceptus derived signal and the molecular events for the MRP vary among species. Human 

chorionic gonadotropin (hCG), secreted by the trophectoderm, was demonstrated to be the MRP 

signal in women (Ross 1978). 

 The swine conceptus has been demonstrated to go through an intra- and inter-uterine 

migratory period shortly after hatching from the zona pellucida, and a rapid elongation period 

occurs from Days 11-12 of gestation (Dziuk et al. 1964). The embryo migration in pigs is 

thought to be stimulated through their own production of estrogens and prostaglandin (Pope et 

al. 1982, 1986). Removal of the swine conceptus before Day 11 of the cycle causes a normal 

return to estrus, while if embryos were removed after Day 11, luteal function was maintained and 

the interestrus interval was increased to 25-28 days (Dhindsa and Dziuk 1968). In addition, the 

infusion of estradiol or estrone beyond the Day 11 caused luteostasis (Gardner et al. 1963), and 

therefore estrogen was recognized as the MRP factor in the sow. Estrogens were first reported to 

be secreted by the pig embryos between Day 10 and 12, and shown to reduce uterine secretion of 

PGF2α (Flint et al. 1979). In sows when only one uterine horn has embryos (unilateral 

pregnancies), it was demonstrated that the CL adjacent to the nonpregnant horn undergoes 



	 11	

luteolysis first and maintenance of unilateral pregnancy during the first three weeks of gestation 

is very rare (Du Mesnil Du Buisson 1961). Therefore, pig conceptus migration and rapid 

elongation is required to deliver the embryonic signal to the contralateral ovary and avoid 

pregnancy loss (Flint et al. 1982). The number of conceptuses has also been demonstrated to be 

an important factor, in which at least 4 conceptus need to be present in the uterus for gilts to 

maintain pregnancy (Polge et al. 1966). Estradiol 17-β (E2) is the main estrogen responsible for 

MRP in the pigs, which occurs at around Day 10-12 post-ovulation, which also coincides with 

the conceptus elongation stage. Estrogens reroute the secreted prostaglandin away from an 

endocrine (systemic circulation) to an exocrine path (towards the lumen), hence the 

prostaglandin is secreted into the uterine lumen where it is metabolized, so it does not reach the 

CL (Bazer and Thatcher 1977; Bazer et al. 2010). Prostaglandin F2a is then converted to 

prostaglandin E2 (PGE2) by either the endometrial cells or by the embryo itself (Ziecik et al. 

2011; Bazer and Johnson 2014).  

 Interleukin 1B (IL1B) has been demonstrated to be involved in the swine MRP, as it is 

produced by the conceptus and has been demonstrated to be present during the critical phase of 

conceptus elongation (Ross et al. 2009). It has also been shown that IL1B stimulates 

phospholipase A2 (PLA2) to increase membrane fluidity and then release arachidonic acid; and 

therefore it stimulates endometrial prostaglandin synthesis (Ho and Lee 1992). The conceptus-

derived estrogen has been suggested to increase the secretion of endometrial PGE2 and PGF2α 

(Franczak et al. 2010). Interleukin 1B2 stimulates PTGES1 to synthetize PGE2, and therefore 

there is a change in the ratio of PGE2 to PGF2α. This has been suggested to be the key to 

sequester and metabolize PGF2α in the uterine lumen (Waclawik et al. 2009). In addition, the 

metabolism of PGF2α to PGE2 results in increased PGE in the utero-ovarian vein, which may be 

luteotrophic to the CL (Christenson et al. 1994) (Figure 1.1).  

 Prostaglandin transporters (PGT) are required to mediate the transport of prostaglandins 

through the plasma membrane, and therefore previous investigations of PGT in the reproductive 

tract of sheep has demonstrated that approximately 80% of the PGF2α release is mediated by 

PGT mechanism (Banu et al. 2008). In swine, ATP-binding cassette, subfamily C, member 4 

(ABCC4) and solute carrier organic anion transporter family, member 2A1 (SLCO2A1) have 

been demonstrated in the endometrium of early pregnant sows; and their expression is increased 

by IL1Β (Seo et al. 2014). Furthermore, several PGT have been shown to be expressed both in 
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the endometrium (cycling and pregnant sows), in the chorioallantoic membrane and in the 

conceptus, such as ABCC1, ABCC9, SLCO4C1 and SLCO5A, demonstrating that they may play a 

role in the maintenance of pregnancy by regulating the prostaglandin transport and availability 

(Jang et al. 2017). 

 
Figure 1.1. Illustration of the maternal recognition of pregnancy (MRP) mechanism in sows 
(adapted from Geisert at al., 2016). The images depict the “endocrine-exocrine” mechanism of 
the nonpregnant and pregnant endometrium in the sow, where most of prostaglandin F2α 
(PGF2α) is transported to the systemic circulation through the capillary bed in the nonpregnant 
sow (large red arrow). During the MRP the effects of embryonic estradiol (E2) and interleukin 1 
beta (IL-1B2) (small black arrow) are to reroute endometrial PGF2α in an exocrine manner to the 
uterine lumen of the pregnant sow (large blue arrow) and change the ratio of PGF2α to 
prostaglandin E2 (PGE2) in favour of PGE2 which has a luteotrophic role.   
 

 

In the absence of the conceptus in pigs, the majority of PGF2α is released in the capillary 

bed (endocrine direction), and then it reaches the circulation and ovaries where it causes 

luteolysis. On the exocrine secretion direction, the conceptus produces estrogen which stimulates 

the transport of endometrial PGF2α secretion into the endometrial lumen. Furthermore, the 

conceptus IL1-B2 may increase PTGES1 and therefore there increase the PGE2 to PGF2α ratio. 
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 The swine conceptus also produces interferons (IFNγ and IFNδ, gramma and delta, 

respectively), but they are not regulators of MRP in pigs like in ruminants (Harney and Bazer 

1989; La Bonnardière et al. 1991; Spencer et al. 2007), as the IFN production is after critical 

MRP timing and happens around Days 12 and 20 of gestation (La Bonnardière et al. 1991).  

Unlike ruminants which have only Type I interferon (IFNT), the pig has both Type I and II 

interferons, and when IFNδ and IFNγ are infused in pseudopregnant sow’s uterus there is an 

increase in endometrial PGE2 (Harney and Bazer 1989). Interferons may not be the main MRP 

factor, however there is some evidence that they may play a role in pregnancy maintenance. 

 In ruminants, there is no significant amount of estrogens secreted by sheep or cow 

embryos during the MRP time (Eley et al. 1979). In sheep, when a blastocyst is transferred into 

the contralateral uterine horn to the CL luteolysis results, but when the blastocyst or conceptus 

homogenate was transferred to the same horn as the ovary with the  CL, there was luteostasis 

(Moor et al. 1969). Historically, interferon tau (IFNτ), the conceptus factor responsible for 

blocking the luteolytic mechanism, was originally named Protein X, and then renamed ovine 

trophoblast protein 1 (oTP1) (Wilson et al. 1979). It was identified to have a low molecular 

weight of 17-20kDa and to be a member of the type I interferon alpha (IFNα) (Stewart et al. 

1987; Imakawa et al. 1987). Interferon tau is localized in the mononuclear cells of the 

trophectoderm (Godkin et al. 1984). In ruminants, the MRP signal is a conceptus-mediated 

event. The trophoblast of the early embryo secreted IFNτ between Days 10 and 25 after 

ovulation, with maximal production on Days 14-16 (Bazer et al. 1998). Interferon tau has the 

highest levels of expression at the time of embryonic shape changes from circular to filamentous, 

Day 14-16 (conceptus elongation) (Bazer et al. 1998), ensuring that the signaling is spread 

throughout the uterine luminal epithelium, and therefore conceptus elongation is critical for the 

delivery of the MRP signal. Interferon tau acts on endometrial luminal and glandular epithelium 

to suppress estrogen receptor α (ESR1) and oxytocin receptor genes (OXTR) (Spencer and Bazer 

1996), which in turn will inhibit prostaglandin H synthase 2 (PGHS2), an enzyme involved in the 

prostaglandin synthesis (Bauersachs and Wolf 2012), so pregnancy is maintained through 

extended luteal function. Interferon tau has been suggested to also support the pregnancy 

endocrinologically by protecting the CL against the luteolytic actions of PGF2α (Hansen et al. 

2010) (Figure 1.2) and to stimulate PGE2 production by the bovine endometrium 



	 14	

(Krishnaswamy et al. 2009). A summary of the timing of MRP and the conceptus factor can be 

found in Table 1.1. 

 
 
Figure 1.2. Schematic illustration of MRP and luteolytic mechanism in ruminants. The 
embryonic trophoblast of the conceptus secretes interferon tau (IFNT), which binds to its 
receptor (IFNTR) resulting in a downregulation of estrogen (ESR1) and oxytocin receptors 
(OXTR) in the luminal and glandular epithelium, which in turn will inhibit the expression of 
prostaglandin synthase 2 (PTGS2), and therefore block the luteolytic mechanism. 
 

Table 1.1. Maternal recognition (MRP) time and factor in domestic animal species 
Species MRP time MRP conceptus Reference 

Ovine Days 12 and 13 IFNτ (Moor et al. 1969) 

Bovine Day 14 to 16 IFNτ (Bazer et al. 1998) 

Swine Day 10 to 12 Estrogen (Gardner et al. 1963)  

Equine Days 12 to 16 Unknown  

 
1.2.1.8 Equine maternal recognition of pregnancy 
 

The equine MRP has been suggested to occur prior to Day 14 post-ovulation, as luteolysis in 

nonpregnant mares occurs between Days 14 and 16 post-ovulation (Douglas and Ginther 1976). 
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The equine conceptus factor(s) responsible for the MRP still remains a mystery. However, much 

has been discovered in terms of events leading to the maintenance of luteal lifespan in early 

pregnancy. Several unique features of the equine species in the prolongation of the luteal 

function due to the conceptus-maternal interaction are described below. 

 There is some evidence of early recognition of the conceptus in the systemic circulation, 

and this was called the “early pregnancy factor” (as early as Day 2 post-ovulation). The “early 

pregnancy factor” is an extracellular form of heat shock protein 10 (Cavanagh 1996; Takagi et 

al. 1998; Ohnuma et al. 2000). However, a study has demonstrated a high incidence of false 

positives in nonpregnant mares (Horteloup et al. 2005). 

 

1.2.1.9 Selective transport uterine tube 
 

The equine species is unique compared to other species in that the early embryo signals its 

descent from the oviduct to the uterus at around Day 6.5 post-ovulation (Battut et al. 1997). The 

early embryo begins cleavage in the oviduct (uterine tube) and only late morula or early 

blastocyst is transported to the uterus, and therefore the name “selective oviductal transport” is 

applied as unfertilized oocytes (UFO) remain in the oviduct (Betteridge and Mitchell 1972; 

Betteridge et al. 1979). The early embryo produces PGE2, which will act on the muscle of the 

uterine tube and the utero-tubal junction (UTJ) to allow for the safe passage of the embryo to the 

uterus. Detectable PGE2 secretion (Weber et al. 1992) by the embryo occurs on Day 5 post-

ovulation (Weber et al. 1991). Without the presence of an embryo, unfertilized oocytes (UFO) 

are not able to be located in uterine lavages, and therefore are retained in the oviduct (Betteridge 

and Mitchell 1974). Weber and co-authors have demonstrated that if PGE2 is infused into the 

mare’s oviduct via osmotic mini-pump on day 3 post-ovulation, embryos could be recovered the 

following day, whereas mares that had a sham-treatment did not have embryos recovered (Weber 

et al. 1991). It has been demonstrated that the oviduct also expresses PGE2 receptors (Weber et 

al. 1992), therefore suggesting that the embryo facilitates its own transport from the oviduct to 

the uterus (Klein 2015a). Betteridge (2007) has suggested that a substance called “oviductins” 

might contribute to the selective equine oviductal transport; however further works is still 

required to elucidate their role. Furthermore, mares with unexplained fertility that are suspected 

of having obstructed uterine tubes, where PGE2 was applied to the serosal surface of the oviduct 
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had UFO’s identified in uterine flush fluid post-procedure and have become pregnant in 

subsequent cycles (Allen et al. 2006; Ortis et al. 2013). 

 

1.2.1.10 Embryonic mobility 
 

The equine embryo also differs from other domestic animal species that their embryos maintain 

the circular shape for a prolonged time, past the expected time of MRP in the mare (Ginther 

1983a). The early conceptus navigates through the uterus in order to signal to the equine 

endometrium its presence, from day 9 until day 16 post-ovulation, when fixation occurs (Ginther 

1983a; Leith and Ginther 1984). The embryo has been demonstrated to travel throughout the 

uterine lumen 10 to 20 times per day, with highest mobility reported from days 11 to 14 (Leith 

and Ginther 1984; Ginther 1998), which coincides with the expected time of MRP and therefore 

it is believed that the embryo factor is needed to be delivered to the whole endometrium since the 

equine embryo does not go through the elongation process like ruminants. Twin conceptuses 

have been observed to move independently (Ginther 1983b); and uterine contractility has also 

been reported to be reduced at fixation time (Gastal et al. 1996), which suggests that the 

conceptus itself is responsible for mobility within the uterus. This mobility is essential for the 

mare to recognize the pregnancy. McDowell and coauthors (1988) have demonstrated through 

ligation studies that the embryonic movement is an important feature related to the maintenance 

of the CL in the mare, as mares that had embryos restricted to only part of the uterus failed to 

maintain pregnancy and returned to estrus compared to the mares that had embryos with access 

to travel in the body and adjacent horn to deliver the “unknown” signal to a bigger portion of the 

uterus. However, when those mares were supplemented with progesterone, pregnancy was 

maintained demonstrating that the embryonic mobility restriction and decrease in circulating 

progesterone was the cause for pregnancy failure (McDowell et al. 1988). 

 Equine embryo mobility is mediated through myometrial contractions (Ginther 1984), 

and those uterine contractions are reported to be a result of the conceptus secretion of PGE2 and 

PGF2a (Stout and Allen 2002). Administration of flunixin meglumine, a cyclo-oxygenase 

inhibitor, to pregnant mares reduced embryonic mobility on Days 12 and 14, but not on day 10 in 

pregnant mares (Stout and Allen 2001). Furthermore, the conceptus at Day 10 produces higher 

amounts of PGF2a and PGE2 per mg of tissue (Stout and Allen 2002); and when flunixin 
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meglumine was added to in vitro cultures of Day 14 embryos, there was a reduction in PGE2 

secreted by the embryo but no reduction in PGF2a was seen, which was interpreted to mean that 

embryonic PGE2 is most likely to be the factor causing uterine contractions that underlie 

embryonic mobility (Stout and Allen 2001). 

 During the late mobility phase, the embryo spends more time closer to the base of the 

uterine horn it will fixate in and fixation location can normally be predicted as there is 

endometrial thickening at the mesometrial aspect of the future fixation site (Silva and Ginther 

2006). Ginther reported that the fixation, or cessation of movement of the embryonic conceptus, 

occurs on Days 15,16 or 17 post-ovulation in mares, and it was suggested that the combination of 

increased conceptus size and intraluminal resistance to embryonic mobility are responsible for 

embryonic fixation (Ginther 1983a; b). The encroachment is the term used to describe the 

localized thickening of the endometrium near the mesometrial attachment. The implantation of 

the embryo begins with the establishment of  endometrial cups at approximately 42 days post-

ovulation (Allen et al. 1973). 

 

1.2.1.11 Equine embryonic capsule 
 

The equine embryo is surrounded by a zona pellucida prior to entering the uterus, until 

approximately 7.5 days post-ovulation; and as it enters the uterus it develops another protective 

layer, called the “embryonic capsule”, which is seldom found in other species. The embryonic 

capsule is formed from the trophoblast (Albihn et al. 2003). This capsule is present from day 6.5 

post-ovulation (Betteridge et al. 1982) until day 23 or 24 (Oriol, Sharom et al. 1993). The 

capsule is an acellular membrane composed of mucin glycoproteins, and sialic acid among others 

(Oriol, Betteridge et al. 1993). The capsule has a protective function for the early embryo and 

also has anti-adhesive characteristics which helps facilitate embryonic mobility (Oriol, 

Betteridge et al. 1993). The decrease in capsular sialic acid content coincides with the fixation of 

the embryo (Oriol, Sharom et al. 1993). In pregnancies that have been induced to fail by 

prostaglandin administration (Chu et al. 1997), the embryos kept the sialic acid content of the 

capsule. Furthermore, a study was conducted where the embryonic capsule was removed at 

embryo recovery and embryos were transferred back into the uterus, but the embryos failed to 

continue pregnancy compared to control embryos where the capsule was kept intact (Stout et al. 
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2005). Therefore, the process of desialylation of the capsule is considered an important step in 

the maintenance of pregnancy.  

 Neuraminidases have been suggested to be involved in the capsule desialylation due to 

the fact that NEU2 has the highest expression within the conceptus at Day 16 compared to 

endometrial expression, which corresponded with the timing of fixation (Klein and Troedsson 

2012). Embryo fixation occurs at the base of the future pregnant horn, is coincident with 

increased uterine tone, embryonic size and the loss of the capsule’s sialic acid content (Ginther 

1983a; Oriol, Sharom et al. 1993; Gastal et al. 1996; Chu et al. 1997).  

 Fibrinogen, a molecule that functions in blood coagulation and in the inflammatory 

response and once considered to be solely synthetized by the hepatocytes (Mosesson et al. 2001) 

has now been demonstrated to be present in the equine capsule, in the form of α and γ fibrinogen, 

by immunohistochemistry analysis. Fibrinogen has also been suggested to play a role in the 

embryonic fixation process, as the equine conceptus regulates fibrinogen production by the 

pregnant mare’s endometrium with higher levels of expression at fixation time (Klein and 

Troedsson 2011b). This finding of fibrinogen involvement during pregnancy was also 

corroborated by a study by Hayes et al.(2012) in which fibrinogen was present in the endometrial 

flush fluid of pregnant mares but was absent in nonpregnant animals. 

 

1.2.1.12 Equine embryo secretions  
 

A study exposed Day 14 endometrial explants to Day 14 equine conceptus conditioned media to 

determine the effect of conceptus secretions on inhibiting prostaglandin secretion. A series of 

biochemical steps were taken to determine the molecular weight of the types of compounds 

present. The unknown embryonic factor in conceptus fluid (Sharp et al. 1989; Ababneh et al. 

2000) was between 1000 – 6000 daltons. Compounds that have these features include oxytocin, 

insulin and prostaglandin E. 

The ruminant’s trophoblast MRP factor is the 24 Kda protein IFNτ. The equine conceptus 

secretes very little amounts of interferons (interferon δ1 and 2 and interferon α1), however those 

proteins do not seem to be key for the MRP signaling in the equine as they are secreted after the 

expected time of recognition of pregnancy or luteolysis (Cochet et al. 2009; Budik et al. 2010; 

Klein 2015b). 
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 The equine conceptus produces estrogen as early as Day 6 post-ovulation (Paulo and 

Tischner 1985), and as the embryo increases in size and cell numbers there is an increase in 

estrogen production by the conceptus (Choi et al. 1997). Estrone is the estrogen present in the 

yolk sac by day 18-20, and both the embryo proper and extra-embryonic tissues conjugate 

estrone and estradiol (Raeside et al. 2009). 

 Fibrinogen works with integrin receptors (Adams et al. 2007). Integrins are 

transmembrane receptors, which are involved in cell survival, growth, migration and adhesion 

(Giancotti and Ruoslahti 1999); and has been associated with embryo implantation as they are 

able to bind to extra-cellular matrix proteins (ECM) (Miyamoto et al. 1996). Integrins have been 

demonstrated to be expressed in the endometrium of humans and mice and have been considered 

markers of uterine receptivity (Lessey et al. 1994; Fayazi et al. 2014). Integrins have also been 

demonstrated in the uterus of pigs and sheep (Bowen et al. 1997; Johnson et al. 2001). Mucins 

are apical surface proteins that block cell-cell adhesion and cell-ECM adhesions (Komatsu et al. 

1997), and have been suggested to control the integrin receptors interaction with their ligands. 

MUC1 has been shown to be downregulated at the implantation time in the endometrium of 

rodents, pigs and sheep (Bowen et al. 1997; Carson et al. 1998; Johnson et al. 2001), however in 

humans it is suggested that MUC1 is upregulated at implantation (Bastu et al. 2015). Macedo da 

Silva et al., (2017) have demonstrated no difference in endometrial integrins of pregnant and 

nonpregnant mares, except for integrin ITGAV, which had higher relative abundance at Day 16 

post-ovulation in pregnant mare endometrium. However, there was upregulation of ITGA2b, 

ITGAV and ITGB3 in the Day 21 equine conceptus, which is when the capsule disappears 

(Macedo da Silva 2017). Immunolocalization studies demonstrated that integrins were localized 

in the glandular and epithelial endometrial cells, and ITGB1 had the strongest staining uptake 

compared to ITGB3, but no reactivity was demonstrated of ITGAV. The tripeptide sequence 

Arginine – Glycine – Aspartate (RGD) serves as binding site for integrins. The same researchers 

investigated the interaction of fibrinogen with RGD-binding integrins in the role of embryonic 

fixation. They have suggested that RGD-binding integrins that are present on the endometrial 

cells are likely associated with the fixation period (Day 16) in the mare. However, the research 

group has used a human endometrial cell (Ishikawa cells) line for the study as equine integrin 

proteins share >90% homology sequence (Macedo da Silva 2017). Due to the fact that fibrin is 

more stable than fibrinogen, Macedo da Silva et al. (2017), have looked at fibrin at the embryo-
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maternal interface through immunohistochemical and qPCR studies, and they identified that 

coagulation factors II (F2), V (F5) and X (F10), which are responsible for the fibrinogen 

conversion to fibrin, are present in both the equine embryo and endometrium. No difference in 

the gene expression was identified in D16 endometrium of pregnant mares compared to 

nonpregnant ones. However, significantly higher levels of expression were identified in D21 

equine conceptus compared to D14. Fibrin has also been demonstrated to have a higher affinity 

to ITGAVB3 (Litvinov et al. 2016). Therefore, Macedo da Silva et al. (2017), proposed that the 

fixation process onward occurs through the conceptus-derived fibrinogen being converted into 

fibrin. Fibrinolysis is then prevented in the embryonic tissue by the action of plasminogen 

activator inhibitors that they have demonstrated to have high levels of expression. 

 The equine conceptus has been demonstrated to secrete PGE2 and PGF2a (Weber et al. 

1992). Just like equine embryos, ovine and cattle embryos secrete abundant amprostaglandins 

from Days 8 to 17. This secretion of prostaglandin by the ruminant conceptus has been suggested 

to act in the endometrium prior to pregnancy recognition as has been demonstrated to be 

essential for MRP (Charpigny et al. 1997; Spencer et al. 2013). Oxytocin has also been reported 

to be present in the equine yolk sac fluid (Waelchli, Shand, Round et al. 2000). Besides the 

involvement in the embryonic mobility, other roles of PGF2α and PGE2 secreted by the equine 

embryo are unknown. Figure 1.3 demonstrates the major embryonic events (adapted from Klein, 

2015a). 
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Figure 1.3. Timeline of events during the equine early pregnancy (Adapted from Klein, 2015a) 
 

1.2.1.13 Oxytocin 
 

Oxytocin is a small nonapeptide neurohypophyseal hormone that is derived from the 

preprohormone oxytocin/neurophysin 1. Neurophysin is connected to oxytocin by a tri-peptide 

sequence Gly-Lys-Arg (carboxy-extended forms of oxytocin) (Chatterjee et al. 2016). Oxytocin 

is secreted in the hypothalamus and stored at the neurohypophysis. Oxytocin production is post-

translation, after sequential cleavages of neurophysin, the enzyme peptidyl glycine alpha - 

amidating monooxygenase, frees the oxytocin peptide. Neurophysin 1 is also bound to  oxytocin, 

and is stored in secretory vesicles, while neurophysin 2 binds to vasopressin (Behrendt-Adam et 

al. 1999). Oxytocin is involved in many physiological events such as: uterine and myometrial 

contractions, parturition, feto-maternal bonding, milk ejection and luteolysis.  

The estrus equine endometrium was reported to express oxytocin-neurophysin I, which is 

localized to the luminal epithelial cells and superficial epithelial cells, and is reported t to be 

secreted into the uterine lumen (Behrendt-Adam et al. 1999; Bae and Watson 2003). It has been 

localized using immunogold labelling specifically in secretory vesicles in non-ciliated epithelial 

cells of the luminal epithelium of the equine endometrium and in the stroma (Bae and Watson 

2003). The ciliated and deep glandular epithelial cells do not appear to have oxytocin vesicles. It 
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is suggested that the oxytocin is secreted through apical exocytosis and that there may be a 

mechanism for oxytocin of endometrial origin being transported to the myometrium. 

Immunolocalization studies demonstrated that the endometrium has the highest intensity of 

oxytocin-neurophysin I stain uptake during estrus and at Days 10 to 14 post-ovulation (Bae and 

Watson 2003). Oxytocin mRNA in the endometrium is positively correlated with serum estradiol 

levels, and negatively correlated with serum progesterone levels (Behrendt-Adam et al. 1999). 

The myometrial cell response varies with stage of the estrous cycle, demonstrating that low 

levels of oxytocin are required to elicit the highest response in early diestrus, followed by 

anestrus and then estrus. Oxytocin mean plasma concentrations are low during ovulation and 

early diestrus but high during mid and late luteal phases (Tetzke et al. 1987).  

 Sharp and coauthors (1997) have demonstrated that transcervical endometrial biopsy 

sampling in cycling nonpregnant mares, on Days 12 and 14 post-ovulation induced an increase in 

the circulating PGFM, which is mediated through the endogenous release of oxytocin. However, 

the release of PGFM is attenuated in pregnant mares that are treated with exogenous oxytocin; 

and the nonpregnant animals have a higher circulating PGFM concentration around the time of 

expected luteolysis (Day 13 and 16 after ovulation), demonstrating that the day of the cycle and 

pregnancy status of the mare influence the prostaglandin release. In vitro studies have 

demonstrated that equine endometrial explants increase secretion of PGF2a when treated with 

oxytocin (Ealy et al. 2010). Sharp et al (1997) have suggested that release of PGF2a is induced 

by oxytocin biding to OXTR in cycling nonpregnant mares, and therefore the embryo factor is 

the most likely cause for the disruption of PGF2a secretion in pregnant mares.  

 Administration of exogenous oxytocin in mares during the mid-luteal phase causes 

prolonged luteal lifespan. However, the day of the cycle and duration of treatment, route of 

administration and dose influences whether the CL is maintained or not (Goff et al. 1987; Stout 

et al. 1999; Vanderwall et al. 2007; Gee et al. 2012; Keith et al. 2013). Daily administration of 

60IU given intramuscularly twice daily for 7 days in the mid-luteal phase was demonstrated to 

be effective in prolonging the CL function (Vanderwall et al. 2007). Additionally, the delivery of 

oxytocin subcutaneously by osmotic mini-pumps also prolonged the luteal lifespan in mares 

(Stout et al. 1999). When a low dose (10 IU) of oxytocin was given intravenously, luteal 

function was also maintained, but not when given intramuscularly (Gee et al. 2012). Keith and 

coauthors reported that mares treated with oxytocin at midluteal phase that had a prolonged 
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luteal phase had a decreased expression of endometrial PTGS2 on Day 14 (Keith et al. 2013), 

therefore demonstrating that PTGS2 is a key enzyme in the luteolytic mechanism. 

 Oxytocin is present in the luteal and follicular tissues of ruminants (Wathes and Swann 

1982; Rodgers et al. 1983), pigs (Jarry et al. 1990), rats (Ho and Lee 1992) and women 

(Schaeffer et al. 1984). The luteal oxytocin is involved in the control of the  luteolytic 

mechanism in most species (Flint and Sheldrick 1983). Stevenson et al (1991) and Stock et al 

(1995) have demonstrated that neither follicular nor luteal tissue are significant sources of 

circulating oxytocin as low concentrations of this peptide were measured in follicular fluid and in 

luteal tissue homogenates. Attempts to demonstrate the localization of oxytocin and neurophysin 

in the ovarian tissue in the mare by immunohistochemistry and demonstrated that oxytocin 

immunostaining was present in the small luteal cells of the corpus luteum l (Watson et al. 1999). 

This is contrary to the studies in women and ruminants where there is abundant oxytocin 

localized to the large luteal cells. It was suggested that the lack of neurophysin in the equine CL 

may be due to downregulation of oxytocin during pregnancy (Watson et al. 1999). Oxytocin 

binds to OXTR to enable release of endometrial PGF2α. Some studies have elucidated the 

OXTR relationship in pregnant and nonpregnant mares and will be reviewed below (Starbuck et 

al. 1998; Vanderwall et al. 2012; Keith et al. 2013; Penrod, Allen, Rhoads et al. 2013).  

 

1.2.1.14 Oxytocin receptors 
 

The oxytocin receptor (OXTR) is a G protein coupled receptor that activates phospholipase C 

and phospholipase kinase C signal transduction, which in turn will lead to the production of 

arachidonic acid and therefore the cascade for the production of prostaglandin. The activation of 

phospholipase C will lead to a rapid increase in intracellular calcium and inositol 3 phosphate. 

Oxytocin administration has been demonstrated to result in the release of prostaglandin (Sharp et 

al. 1997). Furthermore, treatment of endometrial explants with a cyclooxygenase inhibitor 

(indomethacin) or with an oxytocin receptor antagonist (Atosiban) will abolish the secretion of 

prostaglandin if stimulated with oxytocin (Penrod, Allen, Rhoads et al. 2013). 

 Oxytocin receptors are present in the endometrium and myometrium of the horse, with 

more abundance in the myometrium (Starbuck et al. 1998; Keith et al. 2013a; Penrod, Allen, 

Rhoads et al. 2013). Oxytocin receptor concentration varies during the estrous cycle, where 
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OXTR concentrations are lowest at estrus and highest in D14 diestrus (Sharp et al. 1997). OXTR 

was not different in pregnant and nonpregnant mares at Day 12, but lower in pregnant mares at 

Day 14, with a 3 fold increase in nonpregnant animals (Sharp et al. 1997; Starbuck et al. 1998), 

and the pregnant mares had lower OXTR affinity (Starbuck et al. 1998). It has been suggested 

that the regulation of oxytocin is at the post-transcriptional level in the mare as the OXTR 

mRNA levels remains constant during the expected time of MRP (Klein et al. 2010; de Ruijter-

Villani et al. 2015). Furthermore, endometrial OXTR did not differ in mares that were treated 

with oxytocin in mid luteal phase to prolong the luteal lifespan, but PTGS2 was downregulated 

(Vanderwall et al. 2012; Keith et al. 2013). 

 

1.2.1.15 Vasopressin 
 

Oxytocin is able to bind to both the oxytocin and vasopressin receptor, but binding affinity is 

only 10% to the vasopressin receptor, compared to the OXTR. Vasopressin which binds to 

neurophysin II, also known as arginine vasopressin, is also a small nonapeptide 

neurohypophyseal hormone like oxytocin and it is produced in the hypothalamus and stored in 

the posterior pituitary. Vasopressin is derived from the prohormone vasopressin-neurophysin. 

Vasopressin has a role is homeostasis; for example vasopressin increases the permeability of the 

distal tubule of the kidney by inducing the translocation of water channels (Aquaporins) to the 

plasma membrane (Klein and Troedsson 2012). Both vasopressin and aquaporins have been 

demonstrated to be expressed at the equine embryo and endometrium, respectively (Waelchli, 

Shand, Roud et al. 2000; Klein et al. 2013). Vasopressin has three receptors (V1a, V1b, V2), 

which are also G couple receptors like the oxytocin receptors. Waelchli and coauthors (2000) 

have demonstrated the presence of vasopressin receptors V1a and V2 in the equine trophoblast 

between days 10 and 16. It is unknown if and how oxytocin and vasopressin interact in the 

equine endometrium in relation to luteolysis and MRP, or if their sole function in the equine 

conceptus is related to the Aquaporin channels and expansion of the equine embryo.  

 

1.2.1.16 Carbetocin 
 

Carbetocin, is an oxytocin analogue, it is a synthetic cyclic octapeptide with longer half-life than 

oxytocin. It has affinity for both oxytocin and vasopressin receptors. Carbetocin metabolites 
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(metabolites I and II), can bind to the oxytocin receptor but do not cause myometrial contraction, 

whereas carbetocin does (Table 1.2). Carbetocin is believed to be able to produce a consistent 

effect on myometrial contractions, as there is no variation in expression of the vasopressin 

receptor through the estrous cycle compared to OXTR that has cyclic changes (Engstrøm et al. 

1998). 

 Since oxytocin causes luteal maintenance if given repeatedly near mid-diestrus, 

carbetocin was also investigated for its effects on the luteal function. It was reported that 1.19mg 

(equivalent to the 60 IU of oxytocin) of carbetocin given from Day 8 to 14 of diestrus, 

administered intramuscularly, shortened the luteal phase (Bare et al. 2013). The mechanism by 

which the carbetocin shortened the luteal phase instead of prolonging it is unknown. It can be 

speculated that there is an upregulation of PGTS2 in the endometrium as the luteolysis occurs 

earlier in carbetocin-treated mares as demonstrated by structural changes in the luteal tissue 

which were identified using image transrectal ultrasound, in combination with a low 

concentration of serum progesterone (Bare et al. 2013). It is also unknown whether treatment 

with carbetocin influenced the relative abundance of OXTR or not, and if the carbetocin-

vasopressin receptor interaction plays any role in early CL demise in carbetocin treated animals. 

The chemical structure of oxytocin, vasopressin and carbetocin can be found on Table 1.3. 

 
 
 
Table 1.2. Myometrial responses to oxytocin, vasopressin and carbetocin administration 

Hormone 
Oxytocin 

Receptor 

Vasopressin 

Receptor 

Receptor 

∆ in 

estrous 

cycle 

Repeated admin 
Myometrial strip 

model 

Oxytocin High Affinity Low affinity Yes  Prolongs diestrus 
Highest response in 

estrus 

Vasopressin 
Has 10% efficacy 

of OT 
V2R High affinity  No 

Unknown 

Shortens? 

No variation in 

response 

Carbetocin 
Same as OT 

High Affinity 

Very Low 

Affinity  
N/A Shortens diestrus 

No variation in 

response 
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Table 1.3. Chemical Structures of oxytocin, arginine vasopressin, and carbetocin 

Protein Chemical structure 

Oxytocin Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH 

Vasopressin Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2 

Carbetocin (CH2)3-CO-2Tyr(Me)-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 

 

 

1.2.1.17 Aquaporin 
 

Aquaporins are water channels that allow water movement across cell membrane. There are 13 

Aquaporins (AQP 0-12). They have been demonstrated in the equine endometrium (AQP 0, 2, 5) 

(Klein et al. 2013). Immunolocalization of the Aquaporins have demonstrated that they are 

present in the luminal, glandular and stromal cells. Diestrus mares at Day 14 had higher levels of 

expression of AQP 0 and 2 and pregnant mares had higher AQP 1,4,8,9 and 11. Aquaporin 3 and 

5 have also been demonstrated to be associated with blastocoel formation of the embryo (Budik 

et al. 2012). Those authors have also suggested that vasopressin stimulates Aquaporin 5 during 

embryonic expansion and plays a role in endometrial edema. Further investigation in the role of 

Aquaporins in the early embryo development is needed. 

 

1.2.1.18 Prostaglandins  
 

Arachidonic acid (AA) is stored in the phospholipid membrane and is released through 

phospholipase A2 (PLA2).  The availability of AA is often described as a rate limiting step in 

prostaglandin synthesis. Arachidonic acid is then converted to prostaglandin-endoperoxide H2 

(PGH2), which is mediated through prostaglandin-endoperoxide synthase 1 and 2 (PTGS1 and 

PTGS2). PGH2 is metabolized to PGF2α or PGE2 through the actions of prostaglandin F 

synthase (PGFS) or prostaglandin E synthase (PGES/ PTGES) (Figure 1.4). Prostaglandin 

receptor F (PTGFR) mediates the action of PGF2α. Prostaglandin E2 effects are mediated 

through 4 receptors: PTGER1-4. A solute carrier organic anion transporter family, member 2A1 

(SLCO2A1) is a prostaglandin transporter.  Alternatively, AA can be converted to leukotriene 

A4 (LTA4) through arachidonate 5-lipoxygenase; LTA4 is then transformed into leukotriene B4 



	 27	

or cysteinyl LTC4 through LTC4 synthase and LTA4 hydrolase, respectively (Miller 2006). 

PTGRE1 and PTGRE3 mediate smooth muscle contractility (Coleman et al. 1994), however 

PTGRE1 and 3 have not been reported in the equine endometrium (Klein 2015a). 

 

 
Figure 1.4. Simplified schematic of the prostaglandin cascade. Briefly, phospholipase A2 
(PLA2) releases arachidonic acid (AA) from the phospholipid membrane, which is converted to 
prostaglandin-endoperoxide H2 (PGH2) through the prostaglandin-endoperoxide synthase 
(PTGS). The PGH2 is metabolized to prostaglandin F2α (PGF2α) or prostaglandin E2 (PGE2) 
through the actions of prostaglandin F synthase (PGFS) or prostaglandin E synthase (PGES / 
PTGES) (Figure 1.4).  
  

Phospholipase A2 has different isoforms and they include: 1) cytosolic (cPLA2); 2) 

calcium-dependent secretory (sPLA2); and 3) calcium-independent intracellular PLA2 (iPLA2) 

(Chakraborti 2003). The cytosolic isoform is involved in the arachidonic acid release and 

therefore in the synthesis of prostaglandin (Burke and Dennis 2009). The increase of cPLA2 at 

Day 22 in pregnant mares may be related to the resumption of prostaglandin secretion 

demonstrated previously by Stout and Allen (2002). Lillie et al. (2010) demonstrated that sPLA2 

is expressed in the equine endometrium (Lillie et al. 2010), and Ababneh et al (2011) also 

demonstrated cytosolic PLA2 (cPLA2, a member if the PLA2 family which is responsible for 

PGF2α secretion) to be expressed in high quantities in the equine endometrium at the expected 

time of luteolysis. PLA2 is higher in equine endometrium at Day 14 post-ovulation, but lower in 

Day 14 pregnant mares and also lower in cycling nonpregnant mares at days 3 and 8 post-

ovulation and in estrus mares (Ababneh and Troedsson 2013a). Those authors also suggested that 

uteroglobin, an important endometrial protein, inhibits PLA2 in pregnant animals (Ababneh and 

Troedsson 2013a). Pregnant mares have also been demonstrated to decrease expression of 

cPLA2 on Days 14 and 18 but have upregulation on Day 22, despite concentrations of 
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progesterone (Ozel et al. 2015), but other reports have shown decreased expression of cPLA2 

dependent on low concentrations of progesterone and that cPLA2 expression is inversely related 

to progesterone concentration, but estrogen has no influence on it, and therefore has been 

suggested that cPLA2 are involved in luteolysis (Ababneh et al. 2011; Ababneh and Troedsson 

2013b).  

 Prostaglandin measured in the circulation of mares is lower in pregnant animals 

compared to nonpregnant animals from days 10 to 14 post-ovulation (Douglas and Ginther 

1976). Sharp (1980) reported low prostaglandin levels in flush fluid collected from day 14 

pregnant versus non-pregnant pony mares. Sharp (1980) reported lower tissue concentrations of 

PGF in pregnant compared to non-pregnant mares on day 16, and endometrial in vitro production 

levels diverging by day 16 with higher levels present in pregnant mares. Stout and Allen (2002) 

have identified that fluid collected from the uterus of pregnant mares’ endometrial flush had no 

detectable PGF2α on Days 12, 14 and 16, however it was detectable by Day 18, and peaked at 

Day 20, and then decreased again to non-detectable levels by Day 30. This increased production 

in pregnant mares of PGF2α has been suggested to be mediated by the higher expression of 

PLA2, PTGS2 (de Ruijter-Villani et al. 2015), and PTGS1 (Atli et al. 2010). There is speculation 

that during those periods of increased PGF2α secretion in pregnancy that the equine CL has a 

luteoprotective mechanism that works against the PGF2α, possibly by decreasing receptor 

binding sites and thus avoiding its demise, as it has been demonstrated that binding capacity is 

high until Day 18 but then declines by Day 20 (Vernon et al. 1979). Furthermore, the equine 

conceptus is known to produce both PGE2 and PGF2α, and it has been suggested that the 

conceptus alters the ratio of the prostaglandin synthesis in order to favour PGE2, which is 

believed to be luteotrophic until 35 days into pregnancy (Allen 2005).  

 At the expected time of luteolysis (Day 15) there is increased PTGS2 expression in the 

endometrial epithelial cells of nonpregnant mares, but no increase in expression occurs in the 

pregnant animal at the same stage (Boerboom et al. 2004; Ealy et al. 2010; Atli et al. 2010; de 

Ruijter-Villani et al. 2015). Furthermore, in vitro studies of D12 and D14 endometrial explants 

that are co-incubated with equine embryos show a reduced PGF2α concentration (Berglund et al. 

1982; Watson and Sertich 1989; Ealy et al. 2010). However, there were no differences in 

endometrial PTGS1, PTGER2 and PTGER4 expression level in pregnant and nonpregnant mares 

on the expected day of luteolysis (Atli et al. 2010; de Ruijter-Villani et al. 2015). In addition, 



	 29	

PGFS and PTGES were not different on Day 15 or Day 22 (Boerboom et al. 2004; Atli et al. 

2010), but PGFS and PTGFR mRNA was higher in nonpregnant mares compared to pregnant 

mares on Day 14 post-ovulation (Atli et al. 2010; de Ruijter-Villani et al. 2015). Prostaglandin 

synthase 1 is also upregulated in Day 18 and 21 in pregnant mares compared to Day 14 and 15 

(Atli et al. 2010), which coincides with the increase in PGF2α in the third week of pregnancy 

(Stout and Allen 2002). Regarding PTGS2, two studies have demonstrated different results at 

third week of pregnancy; where Atli and coauthors (2010) have shown a low expression on Day 

18 and 22; whereas de Ruijter-Villani (2014) have demonstrated an upregulation at Day 21 of 

pregnancy (Atli et al. 2010; de Ruijter-Villani et al. 2015). The enzyme, SLCO2A1, a 

prostaglandin transporter, has higher expression at Day 22 of pregnancy when compared to 

estrus mares, Day 14, 15 or 18 of pregnant or nonpregnant mares, and no difference between 

pregnant and nonpregnant mares at Day 14, 15 and 18 (Atli et al. 2010), and therefore it has been 

suggested that the prostaglandin transporter, SLCO2A1 may be involved in the increased 

production of PGF2α in the third week of pregnancy in the mare (Klein 2015a). SLCO2A1 has 

been demonstrated to be downregulated in the bovine endometrium at the MRP time (Banu et al. 

2003). 

 In addition, arachidonate 5-lipoxygenase, LTC4 synthase, and LTA4 hydrolase is 

decreased in the equine endometrium of the early pregnant mare, which suggest a possible 

involvement of lipoxygenase pathway in MRP in the mare (Guzeloglu et al. 2013). The role of 

PGE2 in the equine endometrium and CL requires more investigation to understand the role of 

prostaglandin secreted by the embryo and endometrium during early pregnancy. 

 

1.2.1.19 Meclofenamic acid 
 

Meclofenamic acid, a prostaglandin synthase inhibitor (inhibits both PTGS1 and PTGS2), does 

not cause shortening of the luteal phase in the mare; but when administered to recipient mares 

from Days 9 to 15 of the estrous cycle, it has been demonstrated to successfully widen the 

window of receptivity for embryos being transferred to asynchronous recipients. Furthermore, 

Day 10 embryos that were transferred to recipients at different stages have become fixed at the 

expected time of embryonic fixation (Wilsher et al. 2010). The mechanism in which 

meclofenamic acid works to help establish pregnancies in the asynchronous uterus is unknown. 



	 30	

 

1.2.1.20 Estrogen and progesterone 
 

Since the equine embryo secretes high amounts of estrogens, several studies on the role of 

estrogen as the MRP signal have been performed. Sharp 1980 reported that the embryo secretes 

high amounts of estrone and estradiol resulting in high amounts of both estradiol and estrone in 

flush fluid from pregnant mares. Subsequently a series of studies by that began with the 

discovery of PGE secretion by the equine embryo, evaluated intrauterine osmotic minipump 

delivery of estrogen and PGE2 with the outcome being a prolongation of the luteal phase in PGE 

treated mares (Weber et al. 1991; Vanderwall et al. 1994). However a number of placebo treated 

mares also had prolonged luteal phases (Vanderwall et al. 1994) and therefore the effect of 

estradiol was not significantly different. Additionally a study was performed where estradiol was 

infused into the uterine lumen and failed to demonstrate prolongation of luteal lifespan beyond 

Day 14 of diestrus in mares (Wilsher and Allen 2011b); therefore demonstrating that unlike the 

pig, estrogens may not be the conceptus factor. 

There is conflicting information regarding ESR1 at the time of MRP (Tomanelli et al. 

1991; Hartt et al. 2005; Klein and Troedsson 2011a). In ruminants, estrogens upregulate 

expression of ESR1 and PGR and progesterone downregulates the expression of ESR1 and PGR 

(Spencer and Bazer 2002). ESR1 and PGR are high during estrus and the low in diestrus due to 

the long progesterone exposure. There is loss of expression of ESR1 and PGR on the luminal and 

superficial glandular epithelium of the endometrium in diestrus. The loss and then re-expression 

of PGR is permissive for ESR1 expression (Spencer and Bazer 1995). Interferon tau, in pregnant 

ewes, blocks the expression of ESR1 (Spencer and Bazer 1995). In the pig, epithelial cells of 

both lumen and glands of the endometrium have nuclear expression of ESR1 in early pregnant 

sows (Knapczyk-Stwora et al. 2011). 

 In the early pregnant mare, ESR1 and PGR expression is highest in estrus mares and low 

after ovulation (Tomanelli et al. 1991; Watson et al. 1992; McDowell et al. 1999; Hartt et al. 

2005; de Ruijter-Villani et al. 2015). The downregulation of those receptors occurs primarily in 

the luminal epithelium, and some expression is still maintained in the deep glandular epithelium 

and stroma (Hartt et al. 2005; de Ruijter-Villani et al. 2015). The ESR1 and PGR expression are 

high at D15 in nonpregnant mares but low in pregnant mares (McDowell et al. 1999; Hartt et al. 
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2005; de Ruijter-Villani et al. 2015). There was nuclear staining of progesterone and estrogen 

receptors during estrus in cattle and in mares (Hartt et al. 2005; de Ruijter-Villani et al. 2015). 

However, Wilsher and coauthors (2011b) have demonstrated that ESR1 was localized in 

endometrial cell cytoplasm with more intense expression on glandular epithelium than in luminal 

epithelium throughout early pregnancy (Days 20-68). Further elucidation of both those receptors 

at different stages of pregnancy and during the estrous cycle is warranted.  
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Table 1.4. Summary of the equine endometrial mRNA findings per gene by study comparing 
nonpregnant (NP) and pregnant mares by Day (D) of the cycle. 
Endometrial 
mRNA Groups comparison Findings Reference 

ESR1 

NP (D 9-13) x P (D54 and 66) x E   E > ¯ D (Silva et al. 2014) 

   E > ¯ P   

NP (D7; D14; D21= E) x P (D7; D14; D21) ¯ NP D14 = ¯ P D14 = ¯ P D21 (de Ruijter-Villani et al. 
2015) 

   NP D21 (E)   
NP (D0; D8; D11; D14; D17; D20) x P (D11; D14; 
D17; D20) 

NP:  D0 then ¯ D14 and ¯ D14 to 
D20 (Hartt et al. 2005) 

 P: no change from D11 to D20  
  NP = P D11 to D144   
E x NP (D5; D10; D15) x P (D10; D15; D20) - 
Experiment 1 E = D5; D10 or D15 (McDowell et al. 1999) 
  E > ¯ P  
  NP D15 > ¯ P D15  
Anestrus mares (Control x E2 x P4 x E2 + short P4 
x E2 + long P4) - Experiment 2  E2 alone > ¯ E2 +P4   
NP D13.5 x P 13.5  ¯ P (Klein et al. 2010) 
NP (D12; D13; D14; D16; D18) x P (D12; D13; 
D14; D16; D18) ¯ P D14 <  NP D14  (Klohonatz et al. 2015) 
 ¯ P D16 <  NP D146  
 ¯ P D18 <  NP D18  

ESR2 
NP (D 9-13) x P (D54 and 66) x E  NO DIFF (Silva et al. 2014) 

NP (D7; D14; D21= E) x P (D7; D14; D21) ¯ P D7 <  P D14  (de Ruijter-Villani et al. 
2015) 

PGR 

NP (D 9-13) x P (D54 and 66) x E   E and NP > ¯ P (Silva et al. 2014) 

NP (D7; D14; D21= E) x P (D7; D14; D21)  NP D21(E) (de Ruijter-Villani et al. 
2015) 

NP (D0; D8; D11; D14; D17; D20) x P (D11; D14; 
D17; D20) NP:  D0 then ¯ D14 and  D20 (Hartt et al. 2005) 
 P: no change from D11 to D20  
  NP = P D11 to D144   
E x NP (D5; D10; D15) x P (D10; D15; D20) - 
Experiment 1  E > ¯ P (McDowell et al. 1999) 
  NP D15 > ¯ P D15  
Anestrus mares (Control x E2 x P4 x E2 + short P4 
x E2 + long P4) - Experiment 2 NO DIFF   

NP D13.5 x P 13.5 NO DIFF (Klein et al. 2010) 

PGRMC1 
NP (D7; D14; D21= E) x P (D7; D14; D21) ¯ NP D21 (E) (de Ruijter-Villani et al. 

2015) 

   NP D7 =  P D7   

OT-NP1/ 
OXT 

NP (E; D5; D10; D15) x P (D10; D15; D20)  E  
(Behrendt-Adam et al. 
1999) 

  ¯ P D10   

OXTR 

NP (D7; D14; D21= E) x P (D7; D14; D21) ¯ NP D21(E) (de Ruijter-Villani et al. 
2015) 

   P D21   
NP D13.5 x P 13.5 NO DIFF (Klein et al. 2010) 
NP (D8; D12; D14) x E (D0) x P (D12; D14)  ¯ E and NP D8; then  NP D14 (Sharp et al. 1997) 
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   NP D14 > all other groups  
 ¯ P D14 >  NP D14  
NP (D10; D14; D18) x P (D10; D14: D18) ¯ P D14 >  NP D14 (Starbuck et al. 1998) 

PTGS1 

NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)  NO DIFF in cycling mares (Atli et al. 2010) 

  D18 > ¯ NP D17-18  

   P D22   

PTGS2 

NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   NP D15-15.5 (Atli et al. 2010) 

   NP D15-15.5 > ¯ P D15   
NP D14 x P D14 (Experiment 1)  NP D14 > ¯ P D14 (Ealy et al. 2010) 
OVX mares treated with E2 for 7 days and P4 for 14 
days (Experiment 2) 

 OVX treated with E2 and P4 > ¯ 
OVX without tx  

D14 CCM added to endometrial explant x Control 
(Experiment 3) CCM ¯ PTGS2   

NP (D7; D14; D21= E) x P (D7; D14; D21)  NP D14 =  P D21 (de Ruijter-Villani et al. 
2015) 

   NP D14 > ¯ P D14   

NP (D10; D13; D15) x P (D15)   NP D15 (Boerboom et al. 2004) 

PTGFS 

NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   ¯ NP D0 (Atli et al. 2010) 

  NP D13.5-14  

  NP D15 > ¯ NP D17-18  

   NP D13.4-14 > ¯ P D14   

NP (D10; D13; D15) x P (D15)  NO DIFF (Boerboom et al. 2004) 

PTGES 

NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   ¯ NP D0 (Atli et al. 2010) 

  NP D13.5-14>  NP D15 > ¯ NP 
D17-18  

   NP D13.4-14 > ¯ P D14   

NP (D10; D13; D15) x P (D15)  NO DIFF (Boerboom et al. 2004) 

PTGER2 

NP (D 9-13) x P (D54 and 66) x E  NO DIFF (Silva et al. 2014) 
NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   ¯ NP D0 = ¯ NP D17-18 (Atli et al. 2010) 

  NP D13.5-14 =  P D14  
  NP D15-15.5 =  P D15  
   P D18 > ¯ NP D17-18   

PTGER4 
NP (D 9-13) x P (D54 and 66) x E  NO DIFF (Silva et al. 2014) 
NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)  NO DIFF (Atli et al. 2010) 

PTGFR 

NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   NP D13.5-14 =  NP D17-18 (Atli et al. 2010) 

  NP D13.5-14 > ¯ P D14  

 NP D15-15.5 > ¯P D15  

  ¯NP D17-18 = ¯P D18   

NP (D7; D14; D21= E) x P (D7; D14; D21) ¯ P D14 = ¯ P D21 (de Ruijter-Villani et al. 
2015) 

HPGD NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   P D22 (Atli et al. 2010) 
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SLCO2A1 

NP (D0; D13.5-14; D15-15.5D; D17-18) x P (D14; 
D16; D18; D22)   P D22 (Atli et al. 2010) 

NP (D7; D14; D21= E) x P (D7; D14; D21) ¯ P D7 < PD14 = P D21 (de Ruijter-Villani et al. 
2015) 

The group comparison demonstrates the significant differences between the status of the mares: estrus (E), pregnant (P) or 
nonpregnant (NP) and the day (D) of the cycle where the endometrial biopsy was obtained post-ovulation (D0). 
Legend: No statistical difference (NO DIF); hydroxyprostaglandin dehydrogenase-15 (HPGD); Oxytocin-Neurophysin 1 (OT-
NP1/ OXT); ovariectomized (OVX); estradiol (E2); progesterone (P4); and conceptus culture media (CCM). 
 
 

1.2.1.21 Transcriptome/ molecular studies 
 

Hayes and coworkers in 2008 have looked at endometrial proteins and the equine embryonic 

capsule of normal pregnancies and mares that had pregnancy failure induced by administering 

PGF2α at 18 days. The authors suggested that failed pregnancies had increased secretory 

phospholipase (sPLA2) in the capsule and uteroglobins in the endometrial secretions (Hayes et 

al. 2008). In 2012, Hayes and coauthors used microarray and proteomic technologies to describe 

endometrial genes and proteins secreted in normal pregnancies at Day 20 and mares that had an 

induced pregnancy loss with cloprostenol (a synthetic prostaglandin analogue) at day 18 of 

pregnancy, and found that the following endometrial proteins decrease in healthy pregnancies: 

sPLA2, cathepsin L1 (CTSL1), secretoglobin 1A1 (SCGB1A1), also known as uteroglobin, 

among others. 

A progesterone-dependent uterine protein called uteroglobin was identified in mares 

(Beier-Hellwig et al. 1995). There were related investigations into the prostaglandin inhibitory 

factor proposed by Sharp in 1980 (Ababneh et al. 2000). Uteroglobin (secretoglobin), known 

first as “Blastokinin”, is involved in blastocyst implantation, and has been demonstrated in the 

equine uterus (Müller-Schöttle et al. 2002). This protein has been speculated to be involved in 

pregnancy maintenance as it binds and sequesters prostaglandins by inhibiting sPLA2 (Levin et 

al. 1986; Singh et al. 1990; Mukherjee et al. 2007). This protein is found in large amounts in the 

embryonic capsule, endometrial flush fluid but is only present in the yolk sac fluid before the 

fixation period (Quinn et al. 2007). 

 Uterocalin P19, uteroferrin and uteroglobin are known to be increased during the luteal 

phase (McDowell et al. 1987; Beier-Hellwig et al. 1995; Crossett et al. 1996; Stewart et al. 

2000; Ellenberger et al. 2008). Uterocalin is the most abundant progesterone-dependent protein 

in the equine endometrium (Stewart et al. 1995; Crossett et al. 1996). Uterocalin P19 is 

responsible for the nutrition of the conceptus and functions as histotroph. Uterocalin P19 has 
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been demonstrated to be synthetized during early pregnancy and again during the endometrial 

cup reactions (Stewart et al. 2000; Ellenberger et al. 2008). Uteroferrin has been demonstrated in 

the endometrial glands and seems to increase in expression as pregnancy advances (Ellenberger 

et al. 2008). 

 Vanin-3 (VNN3) has been demonstrated to be secreted in high amounts by the equine 

endometrial epithelium by both pregnant and nonpregnant mares (Klein et al. 2010; Hayes et al. 

2012), and there was a 1.9 fold change in pregnant mares mRNA expression levels compared to 

nonpregnant mares (Klein et al. 2010). Vanins may have a role in inflammation as they are 

involved in the synthesis of coenzyme A (Maras et al. 1999; Martin et al. 2001; Min-Oo et al. 

2007; Kaskow et al. 2012; Nitto and Onodera 2013), however their role in the equine 

endometrium is unknown. 

 The protein, GM2 ganglioside activator (GM2A) has been demonstrated in large amounts 

in the yolk sac fluid of the embryo before fixation and also expressed in the equine uterus in 

much higher quantities in pregnant mares (Quinn et al. 2006; Klein et al. 2010; Hayes et al. 

2012; Smits et al. 2018). 

 Klein and coauthors have investigated the endometrial transcriptome in early conceptus 

of Day 8, 10, 12 and 14, and created a library of genes expressed by the embryo, and among 

them fibrinogen, which is found in the equine embryo (Klein and Troedsson 2011a). There has 

been progress made on mapping the early uterine and embryonic genes (Iqbal et al. 2014; 

Tachibana et al. 2014; Smits et al. 2017, 2018; Swegen et al. 2017) but no specific gene product 

has been identified yet as the MRP factor. The MRP factor may be quite potent in small 

quantities and hard to detect. 

 

1.2.1.22 Pharmacological suppression of estrus  
 

Estrus suppression in the mare has been extensively studied, as it is desirable to avoid heat 

behavior in mares that are under competition. It has only been truly effective and reversible by 

administration of anti-gonadotropin releasing hormone vaccination, even though paradoxically 

behavioral estrus still occurs (Schulman et al. 2013), and by methods that prolong luteal function 

or by administration of exogenous progesterone/progestagen (Nie, Johnson, Braden et al. 2001). 

Prolonging luteal lifespan beyond the diestrous period (14 days from ovulation) has been the 
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topic of research with the purpose of understanding how to prevent the luteolytic mechanism. 

Methods that may be used to lengthen the period of luteal function in mares include: the use of 

intrauterine devices such as marbles (Argo and Turnbull 2010) or water-filled polypropylene 

balls (Rivera del Alamo et al. 2008), manually reducing pregnancies beyond Days 16 to 24 post-

ovulation (Lefranc and Allen 2004), oxytocin treatment in mid luteal phase (Stout et al. 1999; 

Vanderwall et al. 2007, 2012; Gee et al. 2012), induction of ovulation of a follicle in diestrus 

(Hedberg et al. 2006) and intrauterine plant oil infusion on day 10 post-ovulation (Wilsher and 

Allen 2011). 

 The use of the intrauterine marbles or devices has been suggested to work by 

“mimicking” the embryo, and thus prolong luteal function (Nie et al. 2003; Rivera del Alamo et 

al. 2008), through a decrease of PTGS2 gene expression (Rivera del Alamo et al. 2010). Their 

effectiveness varies among studies from 11% to 41.3% (Nie, Johnson, Braden et al. 2001; Nie et 

al. 2003), and their use has been associated with impaired fertility and permanent damage to the 

endometrium (Klabnik-Bradford et al. 2013; Vanderwall 2013; Turner et al. 2015; Diel de 

Amorim, Chenier et al. 2016). Recently self-assembling magnetic intrauterine devices are being 

investigated (Gradil et al. 2019). 

 Treatment with oxytocin from Day 7 to 14 post ovulation, once or twice a day, 

intramuscularly has been demonstrated to be cheap and efficacious in prolonging the corpus 

luteum’s lifespan in 60-83% of mares (Vanderwall et al. 2007, 2012; Gee et al. 2012), by 

reducing PTGS2 endometrial gene expression (Keith et al. 2013) and mares under this treatment 

have been demonstrated to have a decrease in 13,14-dihydro-15-keto-PGF-alpha (PGFM) plasma 

concentrations (Goff et al. 1987; Keith et al. 2013). Furthermore, the timing of treatment, 

duration, dose and route appear to be important as relatively high doses of oxytocin are required 

once or twice daily intramuscularly, but a smaller dose given intravenously also had the same 

effect to prolong luteal function (Gee et al. 2012). Further investigations in the route and dose of 

administration in regard to the clearance of the oxytocin is warranted. 

 An equine in vitro model evaluating the effects of fatty acid and oxytocin on the 

endometrium was performed. Endometrial explants that were supplemented with fatty acids and 

challenged with oxytocin, which resulted in increased PGE2 and PGF2α production, but not a 

decrease in the expression of enzymes such as prostaglandin H synthase 2 (PTGS2), 

phospholipase A2 and prostaglandin E and F synthases. The authors concluded that fatty acids 
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influence prostaglandin secretion in vitro through mechanisms other than enzyme expression 

(Penrod et al. 2013). 

 The use of intrauterine plant oils, such as peanut and fractionated coconut oil, when 

infused in Day 10 post-ovulation, was demonstrated to prolong the luteal phase in 11/12 (92%) 

of mares (Wilsher and Allen 2011). The mechanism of action in which the fractionated coconut 

oil lengthened the luteal lifespan was hypothesized by the authors that the luminal epithelium of 

the uterus would be coated with the oil therefore impending the release of prostaglandin from the 

glandular epithelium; or that the coconut oil which is rich in poly-unsaturated fatty acids 

(PUFA), would inhibit PGHS2 and PGHS1 (Wilsher and Allen 2011). However, another 

research team failed to demonstrate luteostasis after replicating the experiment by Wilsher and 

Allen (2011). Campbell and coauthors (2017) investigated the intrauterine infusion of peanut oil 

at Day 10 post-ovulation and failed to demonstrate a prolongation of the luteal phase in mares. 

Authors have reported an increase in the numbers of eosinophils in the endometrial biopsies of 

the mares that received the treatment suggesting that the endometrium may respond to exposure 

to plant oil with a hypersensitivity-type reaction compared to sham-treated mares (Campbell et 

al. 2017).  

 

1.2.1.23 Oxytocinase 
 

The metabolism of oxytocin appears to be largely extrahepatic. Oxytocin is metabolized 

by aminopeptidase and carboxyaminopeptidase in serum and by various peptidases in various 

tissues (Nomura et al. 2005). Those aminopeptidases are collectively known as “oxytocinase” 

(LNPEP). Oxytocinase is also known as Placental leucine aminopeptidase (P-LAP), or 

Cystine/Cystinyl aminopeptidase (CAP), or Leucyl-cystinyl aminopeptidase (LNPEP). 

Oxytocinase was first regarded as placental-specific enzyme but has been identified in humans to 

be the homologue of the rat insulin-regulated aminopeptidase (IRAP) (Keller et al. 1995). 

Oxytocinase/IRAP belongs to a zinc-dependent M1 aminopeptidase family that contains the 

HEXXH(X)18E Zn-binding motif and exopeptidase motif GAMEN (Tsujimoto and Hattori 

2005). Oxytocinase has been demonstrated to regulate the activity of hormones like oxytocin, 

vasopressin and angiotensin (Nomura et al. 2005; Tsujimoto and Hattori 2005). Oxytocinase 

cleaves the peptide bond between the N-terminal cysteine and adjacent tyrosine of oxytocin and 
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inactivates the hormone (Table 1.3). This is a type II membrane-spanning zinc metalloprotease 

that has been demonstrated to be co-localized with the insulin responsive glucose transporter 4 

(GLUT4) in the same intracellular vesicles (Mastick et al. 1994) (Figure 1.5). The GLUT4 is 

translocated in intracellular vesicles to the cell surface after stimulation with insulin (Tsujimoto 

and Hattori 2005). Angiotensin IV (AT4) is a membrane receptor that binds to LNPEP/IRAP. 

LNPEP/IRAP was initially reported to be placenta-specific enzyme, however it has been 

demonstrated to be ubiquitous and is expressed in various human tissues including placenta, 

heart, small intestine and kidney and has moderate expression in brain, skeletal muscle and testis, 

and lower expression in the lung and liver (Laustsen et al. 1997; Yamahara et al. 2000). In the 

placenta, the LNPEP is localized in the syncytiotrophoblast cells in humans (Yamahara et al. 

2000). 

 
Figure 1.5. Schematic representation of oxytocinase in GLUT storage vesicles (GSV) that arise 
from the endoplasmic reticulum and which are transported to the plasma membrane. 

 

Binding of oxytocin to OXTR has been reported to cause an increase in LNPEP activity 

(Nakamura et al. 2000). In vascular endothelial cells oxytocin stimulates the translocation of 

LNPEP via a protein kinase C dependent pathway coupled to the OXTR (Nakamura et al. 2000).  

There is very little information on LNPEP activity in the horse. A study that sampled blood from 

40 pregnant and 10 nonpregnant mares once a month evaluated plasma LNPEP with a 

colorimetric test using a S-benzyl-L-cystine-p-dimethylaminoanilide as substrate. These authors 

demonstrated LNPEP in plasma to be low and they found no difference between the pregnant 

and nonpregnant animals (Ikenaga, Shimada et al. 1993). The same group has looked at the 

elution profile and molecular weight of the LNPEP in pregnant mare plasma and in full term 
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placenta extracts from human, monkeys, dogs, goats, pigs and horses. They identified that the 

elution profile of the placenta extract had 4 peaks in the horse, and the molecular weight of the 

placental LNPEP were estimated to be 325,000 daltons in humans and monkeys; 140,000 in dogs 

and goats; 128,00 in pigs and 115,000 in horses (Ikenaga et al. 1994).  However, Zavy and 

colleagues (1979) have investigated uterine flush fluid from mares and identified Leucine 

aminopeptidase activity (LAP). The endometrial flush fluids were retrieved on Day 4, 8, 12, 14, 

16, 18 and 20 post-ovulation and were significantly affected by the day of the estrous cycle, with 

maximal activity at Day 12 when there were high progesterone concentrations. Those authors 

also speculated that since these proteins are present in blood they may be present in the uterine 

flush fluid through transudation (Zavy et al. 1979). However, even though no studies have been 

carried out on LNPEP in equine tissues, a study using autoradiography demonstrated the 

widespread presence of LNPEP in the ovine reproductive tract (Mustafa et al. 2004). They report 

that the overall highest level of binding of LNPEP was achieved in the outer layer to the 

myometrium of sheep compared to other layers of the uterus, whereas the highest level of 

LNPEP in the endometrium was detected in the luminal epithelium. These authors suggested that 

this pattern of expression of LNPEP may mean it is co-distributed with OXTR and may regulate 

the oxytocin at the tissue level (Mustafa et al. 2004). However, when exogenous estrogen was 

administered to the sheep no difference in the level of LNPEP in the endometrium was detected, 

however there was a decrease in density in the outer myometrial layer. Corroborating the finding 

of the presence of endometrial LNPEP, Toda and coauthors (2002) have demonstrated LNPEP to 

be expressed in human endometrial epithelial cells, but not in the stromal cells, and suggested 

that the LNPEP is released as an apocrine secretion during the period of blastocyst implantation 

in humans (Toda et al. 2002). Kotani and coauthors (2004) using an in vitro model with Ishikawa 

cells have demonstrated that LNPEP secretion can be decreased by progesterone and this leads to 

an increased sensitivity to oxytocin, which results in PGE2 production, and therefore these 

authors suggested that LNPEP may play a role in implantation phase in humans.  

There is no description of the presence of this peptidase in different tissues of mares, nor 

an understanding of how LNPEP is synthesized and regulates oxytocin and prostaglandins, or if 

there are changes in LNPEP mRNA expression at the expected time of luteolysis and their role in 

maternal recognition of pregnancy. It is clear that the body of research work points to a role for: 

embryonic estrogen; regulation of prostaglandin secretion, potentially through gene regulation 
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and a shift in the PGE/PGF ratio; oxytocin of pituitary, luteal or endometrial origin; and other 

possible regulators such as oxytocinase, and uteroglobin that would affect the interplay between 

oxytocin and prostaglandin in the MRP. There are large gaps in our understanding of the 

regulation of luteal function. An experimental approach to investigate some of these 

relationships in the MRP is needed. An examination of different physiologic states such as 

pregnant and non-pregnant mare, and the effect of treatments such as oxytocin to induce 

luteostasis, or meclofenamic acid to inhibit endometrial prostaglandin secretion was proposed to 

evaluate the effect on oxytocinase levels and gene expression.  A summary of the current 

knowledge of the oxytocin and prostaglandin related genes at the expected time of MRP or 

luteolysis (D13-15) in nonpregnant and pregnant mares; and mares treated with meclofenamic 

acid, oxytocin and carbetocin can be found in Figure 1.6. 

 
Figure 1.6. Current knowledge of up () or downregulation (¯) or no change (=) of genes at the 
expected time of MRP or luteolysis in mares (D13-15) postovulation in (A) nonpregnant, (B) 
pregnant, (C) oxytocin treated, (D) carbetocin treated and (E) meclofenamic acid treated mares 
in the endometrium and corpus luteum. Question marks or absence of arrows signifies a lack of 
information. 
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1.3 Rationale 
 
The equine maternal recognition of pregnancy period has been a focus of study in equine 

reproduction for many years; however, an embryonic factor (s) has / have not been identified yet. 

Most of the studies have focused on the equine endometrial and embryonic tissues, and very little 

have been published on the equine luteal structure. Oxytocin may have a role in early pregnancy 

and / or luteolysis in the mare, as administration of oxytocin during mid-luteal phase causes 

luteostasis, but studies have conflicting results. Additionally, the mechanism of action on 

carbetocin, that causes early luteolysis, and meclofenamic acid, which has been shown to 

increase the widow of embryonic receptivity in recipient mares   have not been previously 

studied in the horses.  

 There has been no investigation on the equine luteal gene expression in pregnant mares 

and mares with induced- luteolysis and luteostasis. So, the understanding of the gene expression 

in oxytocin and prostaglandin related genes in endometrial, luteal and embryonic trophoblast 

would help close some of the gaps of knowledge in the expected time of luteolysis or maternal 

recognition of pregnancy in the horse.  

Lastly, the presence and the gene expression of oxytocin and LNPEP is warranted in the 

mare. Oxytocin has been poorly studied in the equine, and since its regulation is through the 

aminopeptidase called LNPEP, this would further increase our knowledge of their roles during 

this critical period of MRP. Therefore, the overall aims of this thesis were: 1) to identify changes 

in gene expression in endometrial, luteal and embryonic trophoblast during critical periods of 

luteolysis, or maternal recognition of pregnancy; and 2) to identify the presence of oxytocin in 

endometrial, luteal and embryonic tissue and LNPEP in serum and a variety of equine tissues and 

embryo. 

 

1.4 Hypothesis 
 

The overall hypotheses for this thesis were: 

1) The endometrial, luteal and embryonic oxytocin and prostaglandin related genes will be 

altered during the critical time of luteolysis and maternal recognition of pregnancy in the 

mare.	
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2) Oxytocin and LNPEP will be present in reproductive tissues of mares and LNPEP will 

also be detected in the equine serum. 

The sub-hypotheses of this thesis are as follows below: 

1) There would be no health or fertility effects in healthy mares and mares with ovarian 

abnormalities after the TVLB / TVOB procedure(s); 

2) Intrauterine coconut oil administration on Day 10 will prolong luteal life span in mares 

when administered at day 10 of diestrus. 

3) LNPEP will be found widely distributed in tissues and serum and that OXT will be 

expressed in the equine reproductive tissues. 

4) Serum LNPEP will be increased in pregnancy during the expected time of MRP and 

endometrial and luteal gene profiles will demonstrate an increase in LNPEP and 

prostaglandin E during luteostasis and a shift towards other prostaglandins F and 

oxytocin during luteolysis. 

5) The relative abundance of LNPEP would be increased in early pregnancy to regulate the 

oxytocin levels in the CL and endometrium to support luteal maintenance. 

6) LNPEP will be expressed at higher levels at the expected time of embryo fixation by the 

trophoblast, and the OXT would be expressed in the equine embryo.  

1.5 Research objectives 
 

The first objective of this thesis was to validate the transvaginal ultrasound guided luteal biopsy 

(TVLB) technique as a means to obtain equine luteal tissue for gene expression without affecting 

the luteal function and pregnancy rates. 

 

The second objective was to determine the effect on days to luteolysis of intrauterine coconut oil 

infusion in mares in diestrus as a model of luteostasis. 

 

The third objective of this document was to characterize oxytocin and oxytocinase in the mare to 

answer the following questions: 

1) Is there a serum LNPEP in the mare? 

2) Does the serum LNPEP vary with stage of pregnancy? 



	 43	

3) Is LNPEP distributed in the equine reproductive tract (pituitary, ovary, myometrium, 

endometrium and placenta) and other tissues in the mare? 

4) Is OXT expressed in reproductive tissues such as the equine myometrium, 

endometrium and corpus luteum? 

 

The fourth objective was to investigate putative genes involved in luteolysis and maternal 

recognition of pregnancy through a series of experiments that either prolonged or shortened the 

luteal function, with the aims to answer the following questions: 

1) Does oxytocin and carbetocin treatment of mares affect LNPEP levels in mares 

2) Does LNPEP, glucose transporters, oxytocin and prostaglandin related genes differ in 

expression level on D15 endometria at the expected time of luteolysis in mares 

treated with oxytocin, carbetocin, meclofenamic acid, in diestrus, estrus and pregnant 

mares? 

3) Does LNPEP, glucose transporters, oxytocin and prostaglandin related genes differ in 

expression level on D12 and D15 corpora luteal at the expected time of luteolysis in 

mares treated with oxytocin, carbetocin, meclofenamic acid, in diestrus, estrus and 

pregnant mares? 

 

The fifth objective was to investigate the same putative genes above in Diestrus and Pregnant 

mares in different days of the cycle / pregnancy to answer the following questions: 

1) Does LNPEP, glucose transporters, oxytocin and prostaglandin related genes differ in 

expression level on D8, D10, D12 and D15 endometria of Diestrus and Pregnant 

mares? 

2) Does LNPEP, glucose transporters, oxytocin and prostaglandin related genes differ in 

expression level on D8, D10, D12 and D15 luteal tissue of Diestrus and Pregnant 

mares? 

 

The sixth and last objective was to investigate the same aforementioned genes in the equine 

trophoblast of different embryo ages.  
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CHAPTER 2: EVALUATION OF DIAGNOSTIC UTILITY, SAFETY 
CONSIDERATIONS AND EFFECT ON FERTILITY OF TRANSVAGINAL 
ULTRASOUND-GUIDED OVARIAN BIOPSY IN MARES 
 

In this chapter experiments were performed to evaluate the safety and effects on fertility of the 

transvaginal ultrasound-guided ovarian biopsy in mares. The aim of this chapter was to examine 

the luteal biopsy technique as a tool to collect serial luteal tissue samples for gene expression 

studies, without affecting luteal function in mares. This chapter has demonstrated that the luteal 

biopsies were accurately obtained without affecting fertility, and those luteal samples were used 

for gene expression studies in chapters 5 and 6 of this thesis. The luteal samples were further 

validated by analyzing the mRNA levels of aromatase in the tissues, as ovarian stroma lacks the 

expression of aromatase. 
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Abstract 

 

Ultrasound guided biopsies of corpora lutea (CL) has been previously used for research purposes 

in the mare and cow. However, the health effects and fertility after a transvaginal luteal biopsy 

(TVLB) have not been previously evaluated in the horse or transvaginal ovarian biopsies 

(TVOB) for diagnostic purposes of ovarian tumors. The aim of this study was to determine the 

effects on health and fertility of TVLB and TVOB in mares. Fifty-three mares were included in 

the study (11 control non-biopsied mares, 37 TVLB mares, and 5 TVOB mares with ovarian 

abnormalities), resulting in a total of 108 TVLB/ TVOB cycles and 183 procedures. Mares were 

divided into Groups 1-3 by the number of TVLB per estrous cycle (mares in group 1 had one 

TVLB procedure, mares in group 2 had 2 TVLB procedures and mares in group 3 had 3 TVLB 

procedures). Group 4 was comprised of TVOB mare cycles with ovarian abnormalities (n = 5).  

Mares were examined to determine day of ovulation (day 0) and the presence of a CL using 

transrectal ultrasonography. Mares were sedated and an ultrasound guided transvaginal biopsy 

was performed of luteal or ovarian tissue. Health effects of TVLB/TVOB were assessed by: 

daily rectal temperatures, appetite, and general demeanor for 72 hours post procedure, and 3 

mares were examined at necropsy. Fertility was not significantly different in Control and TVLB 

groups 1 - 3 (P = 0.7648), and in the first, or subsequent cycles where the ovulation was from an 

ovary that had a previous TVLB (P = 0.7147). A TVLB on day 8 post-ovulation may induce an 

early return to estrus. In conclusion, The TVLB / TVOB procedure had no effect on health and 

fertility in this study if the procedure was correctly performed with good technique. Due to the 

low number of cycles (n=37) the fertility data should be interpreted with caution. The TVOB 

may be applied in the diagnosis of mares with ovarian abnormalities, and no adverse health 

effects were associated with TVOB of mares with granulosa theca cell tumor (GTCT). 

 

Keywords: transvaginal ovarian biopsy, luteal biopsy, fertility, ovarian tumor, mare 

 

2.1. Introduction 
 

Ultrasound guided biopsies of corpora lutea (CL) for research purposes in the mare and cow 

have been described by Slough et al. 2005 and Aerts et al. 2011 (Aerts et al. 2005; Slough et al. 
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2011). Prior to the description of transvaginal ultrasound guided CL biopsies, a related technique 

was described for transvaginal ultrasound guided aspiration of follicles in the mare dating back 

to 1988 (Pieterse et al. 1988; Bruck et al. 1992; Cook et al. 1992; Carnevale and Ginther 1993; 

Bols et al. 1994). The transvaginal oocyte recovery is performed by puncture and aspiration of 

ovarian follicles. It has been determined that repeated follicular aspirations in mares can cause 

fibrosis in the ovarian stroma, but have no adverse effects on fertility (Bøgh et al. 2003; Mari et 

al. 2005; Vanderwall et al. 2006; Velez et al. 2012). However, the information on the health and 

fertility effects of TVLB / TVOB had not been reported. Complications that may arise from 

transvaginal ovarian manipulations include hemorrhage or the inadvertent introduction of 

bacteria causing an ovarian abscess (Vanderwall et al. 2006). 

 The nature of ovarian abnormalities is determined using a variety of modalities including: 

transrectal palpation, ultrasonographic examination, advanced imaging techniques (MRI, CT), 

hormone analysis and histopathological means. Ovarian tissue may be obtained for analyses 

through ovarian biopsy or ovariectomy. Laparoscopic visualization and examination of the 

equine ovary has been reported for diagnostic purposes when ovarian abnormalities such as 

tumors are suspected but not confirmed (Hughes and Kennedy 1980; McCue 1993; Card 2011). 

The presence of ovarian tumors in mares is associated with reduced fertility (Hughes and 

Kennedy 1980; McCue 1993; McCue et al. 2006; Card 2011). Neoplasia of the ovary includes 

gonadostromal tumors (granulosa theca cell tumors (GTCT)), epithelial tumors (cystadenomas 

and adenocarcinomas), and germ cell tumors (teratomas and dysgerminomas) (Card 2011).  

 The GTCT is the most common ovarian tumor in the mare and has been reported to have 

a classic ultrasonographic appearance referred to as a “cluster of grapes,” along with a small 

inactive contralateral ovary (Hughes and Kennedy 1980; McCue 1993; McCue et al. 2006; Card 

2011). The GTCT may however be bilateral and unusual echotextural features have been 

reported (McCoy 1986; McCue, et al. 1991; Rambags et al. 2003). Epithelial tumors in mares 

may present with a relatively normal echotextural appearance.  Other differentials for an ovary 

with an unusual or abnormal echotexture include: persistent anovulatory follicles, ovarian 

hematomas, epithelial inclusion cysts and multiple supplemental CLs found in pregnancy 

(McCue et al. 2006).  

 Hormonal assays are used to assist in the diagnosis of ovarian abnormalities. Circulating 

levels of testosterone, inhibin and anti-müllerian hormone have been used as tumor biomarkers 
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for GTCT, and androgen levels in mares with ovarian cystadenomas, but most other ovarian 

tumors do not produce reliable biomarkers (Hinrichs et al. 1989; Almeida et al. 2011; Ball et al. 

2013, 2014). Elevated levels of these hormonal serum biomarkers may indicate that abnormal 

ovarian tissue is present, but do not locate the source, and would not therefore differentiate 

unilaterally from bilaterally affected mares. The size of the mare and the deep abdominal 

position of the ovaries means that diagnostic modalities such as MRI and CT are problematic for 

use in determining the nature of an ovarian abnormality. Surgical removal of the suspected 

abnormal ovary is often performed as it usually provides a definitive diagnosis and may be 

curative (McCue et al. 2006). There are select cases where an ovarian biopsy would be useful in 

determining when it is suspected that both ovaries are neoplastic or to determine the nature of an 

ovarian abnormality prior to invasive, and irreversible ovariectomy. Criteria for the use of a 

TVOB might include abnormal ovarian consistency, inconclusive hormonal findings, 

questionable or abnormal ultrasonographic echotexture of the ovary, undiagnosed behavioral or 

estrous cycle irregularities, difficulty in accessing laboratories that measure biomarkers, and 

investigation of possible bilateral tumor involvement.  

 The health and fertility of mares experiencing TVLB / TVOB has not been reported, and 

the TVOB of neoplastic ovarian tissue has not been described in the mare. Therefore, the first 

hypothesis was that there would be no health or fertility effects in healthy mares and mares with 

ovarian abnormalities after the TVLB / TVOB procedure(s). It was hypothesized that the TVOB 

of neoplastic ovarian tissue may be used to obtain samples sufficient for making a diagnosis 

without adverse effects.  

 

2.2 Materials and Methods 
 
2.2.1 Animals: 
 

The experimental protocol was approved by the Institutional Animal Care Committee of the 

University of Saskatchewan. Mares (n = 53) of Quarter Horse, Paint, Warmblood, Thoroughbred 

and Arabian breeds with a mean age of 12 years and ranging in age from 4 to 28 years were 

followed throughout multiple estrous cycles using transrectal palpation and ultrasonography of 

the reproductive tract.  Mare cycles (n=108) were divided into: Control non-biopsied mares (n= 

11 cycles); Groups 1-3 by the numbers of procedures per cycle; and Group 4 mares with 
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suspected ovarian abnormalities. In 2012, there were 21 mares included in the study: 4 healthy 

control mares, 13 healthy TVLB mares, and 4 mares (TVOB) with ovarian abnormalities. In 

2013, there were 18 mares included in the study: 3 healthy control mares, 14 healthy TVLB 

mares, and 1 mare (TVOB) with an ovarian abnormality. Five mares (1 control, 4 TVLB mares 

and 1 mare (TVOB) with an ovarian abnormality) were utilized in both years. In 2014, there 

were 14 mares included in the study: 4 healthy control mares and 10 TVLB mares included in 

the study.  In the healthy mares, which underwent TVLB procedures, the CL was biopsied 1 - 3 

times per estrous cycle. Group 1 (n=43 cycles) mares were biopsied on one of the following 

days: 8, 10, 12, 15 or day 21 (day 0 is ovulation) of the estrous cycle. In Group 2 (n = 55 cycles) 

mares were biopsied on either day 10 and 12 or 12 and 15. In Group 3 (n = 5 cycles) three mares 

were biopsied on days 8, 12 and 15, and two mares were biopsied on day 8, 12 and 21. In mares 

with ovarian abnormalities (n = 5) multiple core samples were obtained from abnormal regions 

of ovary in a single session (Slough et al. 2011). Table 2.1 shows the number of mares sampled 

for each procedure by year. In a subset of cycles (n=37) healthy mares (group 1: n = 17 mares 

and 20 cycles; group 2: n = 15 mares and 16 cycles; and group 3: n= 1 mare and 1 cycle) were 

randomly assigned to be bred, and an injectable GnRH agonist 1.5 mg IM (Deslorelin BET 

Pharmacy, Lexington, Kentucky, USA) or 2000 IU hCG IV (Chorulon, Boehringer Ingleheim, 

Burlington, Ontario, Canada) was given when mares were detected to be in estrus and had a 

>35mm follicle and endometrial edema. These estrous mares were bred every 48 hours with 

fresh or chilled semen by artificial insemination with >200 million progressively motile, 

morphologically normal sperm, from one proven fertile stallion in the periovulatory period. 

Mares were examined using transrectal ultrasound every day after a periovulatory follicle was 

identified to determine the day of ovulation (Day 0). Pregnancy status was determined by 

embryo recovery on day 8 or 10 or using transrectal ultrasonography beginning on day 10. The 

location of the ovulation(s) was recorded, and the CL which was sampled using the TVLB 

method was noted. Mares in this study had from one to five TVLB cycles per year. After a 

TVLB cycle the majority of mares were given a rest cycle before being enrolled in another 

TVLB cycle. The TVLB samples collected in this study were obtained as part of another 

research study.  
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2.2.1.2 Equipment:  
 

In 2012, an 18G single action spring-loaded biopsy needle made by US Biopsy (US Biopsy LLC, 

Franklin, Indiana, USA) was modified by extending the needle to a length of 60cm and changing 

the bevel of the needle to a tapered point. In 2013-2014, a similar instrument was utilized but a 

14G single action spring-loaded biopsy needle was substituted. A metal, transvaginal probe 

housing (Minitube International, Equine Ultrasound Probe Holder and Needle Guide of OPU, 

Ingersoll, Ontario, Canada) was chemically sterilized in a potentiated glutaraldehyde solution 

(Cidex, CIVCO Medical Solutions, Kalona, Iowa, USA).  A microconvex 10 mHz ultrasound 

probe (Ausonics International PTY LTD., Camperdown, Australia) was rinsed with distilled 

water followed by 70% alcohol and secured into the probe housing.  The probe housing was 

lubricated with sterile lubricant (Minilube, Minitube International, Ingersoll, Ontario, Canada) 

guarded by the sterile, gloved hand of the veterinarian. 

 

2.2.1.3 Procedure:  
 

The mare was placed in stocks and sedated with 20 mg acepromazine (Atravet, Boehringer 

Ingleheim, Burlington, Ontario, Canada), detomidine hydrochloride (Dormosedan, Zoetis, 

Madison, New Jersey, USA) (0.01 – 0.02 mg/kg IV) and butorphanol tartrate (Torbugesic, 

Zoetis, Madison, New Jersey, USA) (0.01 – 0.02 mg/kg IV) and administered hyoscine 

butylbromide (Buscopan, Boehringer Ingelheim, Burlington, Ontario, Canada) (0.1 mg/kg IV) to 

relax the rectum.  The mare’s tail was wrapped, rectum emptied, and the perineum was prepared 

by washing and drying. The assembled probe housing was inserted into the vagina and 

positioned at the vaginal fornix lateral to the cervix, ipsilateral to the ovary to be sampled.  The 

operator then inserted their arm in the rectum, removed any manure, located the ovary to be 

biopsied and positioned it adjacent to the ultrasound probe head in the vagina. The probe housing 

containing the ultrasound probe was manipulated so the region of the ovary to be biopsied was 

transected by the on-screen needle track and being careful to avoid the ovulation fossa.  Figure 

2.1 shows the assembled equipment, an ultrasound image of the needle track in the corpus 

luteum of a mare, and an image of the needle tip with a captured luteal biopsy. 

 The biopsy needle was locked, the tip lubricated (Minilube, Minitube International, 

Ingersoll, Ontario, Canada) and inserted into the needle channel of the probe housing and 
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advanced until it met resistance.  The biopsy needle was then inserted along the track into the 

ovary using a controlled stabbing motion. It was guided into the target area by visualizing the 

bright echo produced by reflections generated from the diamond scoring on the needle tip and 

fired to capture a sample. The biopsy needle was then withdrawn and taken to a sterile field for 

removal of the biopsy core. The biopsy needle was relocked, and the cutting sheath retracted to 

expose the core sample, which was removed using a 22g sterile needle and placed in a small 

amount of fixative (10% buffered formalin) for histologic examination or in a vial for subsequent 

analysis. The cutting sheath was then returned to its position over the notch in the biopsy needle 

and was then reinserted into the needle channel of the probe housing for a subsequent sample 

collection. One to three core samples with the 18G or 14G biopsy needle from each target were 

obtained from each CL on the ovary. Once the sample collection was completed, the probe was 

removed.  

 Fixed tissues for histological examination were processed in a routine manner and stained 

using hematoxylin and eosin. Interpretation and final diagnosis of the histological analysis were 

performed by a board-certified pathologist. Rectal temperatures, appetite and demeanor of the 

mares were then monitored daily for 3 days after TVLB. 

 

2.2.1.4 Mares with Abnormal Ovaries: 

 

Abnormal ovaries were identified by unusual or abnormal clinical features such as: texture on 

palpation, shape, size, or ultrasound appearance. The mares with the abnormal ovaries were 

sampled in the same manner as described above. The ovary was positioned via rectal 

manipulation adjacent to the ultrasound probe and an ultrasound guided TVOB was performed in 

the area(s) of interest to be biopsied. The TVOB core samples were placed in fixative (10% 

buffered formalin) and submitted for histopathologic examination.  Tissues were processed in a 

routine manner and stained using hematoxylin and eosin. Once the sample collection was 

completed, the probe was removed.  Rectal temperatures, appetite and demeanor of the mares 

were then monitored daily for 3 days after TVOB. 

 Three mares, two of which were healthy, and one that had a GTCT, which had ovaries 

that had been subjected to TVLB / TVOB were subsequently necropsied due to downsizing the 

research herd. Gross necropsy findings were recorded for these three mares and multiple serial 
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sections of their ovarian tissue were submitted for histopathologic examination. The ovary of the 

mare with the GTCT was sampled using a TVOB 6 months and 3 weeks before necropsy and 

then both ovaries were biopsied immediately prior to a laparoscopic removal of the affected 

ovary.  The two healthy mares that were necropsied included one mare that was 55 days pregnant 

and an open mare both of whom had two TVLB procedures per cycle in 3 cycles over a year 

prior.  

 

2.2.1.5 Health Effects:  
 

The animal care protocol included the use of a checklist of humane endpoints for experimental 

use of horses.  Demeanor and appetite of the mare was noted daily using this system. Body 

temperature was obtained in the morning using a digital thermometer per rectum for 3 days post 

procedure.  

 

2.2.1.6 Statistics:  
 

Mare cycles were considered independent and were the unit of analysis. For statistical 

comparisons, differences between group data were analyzed using Chi Square tests at P<0.05 

using proprietary software (Statistix version 10, Statistix Analytical Software, Allahassee, 

Florida, USA). Ninety-five percent confidence interval (C.I.) for proportions was calculated 

using a statistical software website.a 

 

2.3 Results: 
 

The time required to complete the procedure initially was about 30 minutes, and then decreased 

to 10 – 15 minutes post sedation.  A few mares required additional sedation during the 

procedure, and this was occasionally related to problems positioning and stabilizing the ovary 

adjacent to the transvaginal probe. A small amount of blood associated with the needle punctures 

was usually present on the probe housing and ultrasound probe when it was withdrawn from the 

vaginal fornix at the conclusion of the procedure. In 11/183 procedures either during the 

development of the technique, or when new individuals were being trained, the needle 

inadvertently punctured through the rectum, occasionally into the digit of the operator, and these 
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mares were treated with long-acting oxytetracycline (Bio-Mycin 200, Boehringer Ingelheim, 

Burlington, Ontario, Canada) or trimethoprim sulfa (30mg/kg) (Trimethoprim sulfa, Apotex, 

Toronto, Ontario, Canada) orally, 2 grams phenylbutazone (Phenylbutazone, Vétoquinol, 

Lavaltrie, Quebec, Canada) 1- 3 days IV or orally. Temperatures and the demeanor of the mares 

remained within normal limits in these mares.  Rectal manipulation of the ovary in a few mares 

resulted in rectal irritation and minor bleeding, and in such cases, mares were treated with the 

same protocol mentioned above where the needle punctured through the rectum. No further 

complications arose in these cases.  

 Mares with GTCT that were multi-cystic presented another difficulty. One TVOB sample 

attempt of a multi-cystic region of a mare with a GTCT did not yield sufficient tissue for 

diagnosis.  

 

2.3.1 Health and Fertility effects:   
 

The mares’ demeanor and temperature were within normal limits throughout the study.  

Pregnancy rates are shown in Table 2.2 and 2.3. Table 2.2 shows a summary of the cycle 

numbers, TVLB procedures per cycle, and corresponding pregnancy rates. Table 2.3 includes 

pregnancy data from: control cycles, first cycle TVLB, subsequent cycles, and cycles where the 

ovulation was a previous TVLB ovary.  

There were no significant differences in pregnancy rates in control, and groups 1 – 3, or 

in control cycles compared with first TVLB cycle, subsequent cycle data, and cycles where the 

ovulation arose from a previously biopsied ovary. 

 There were no visible gross lesions on examination of the ovaries, pelvic region or any 

lymph nodes in the vicinity of the TVOB puncture sites in the three mares that were necropsied. 

There was no evidence of tumor metastasis in the mare with the GTCT.  

 Histopathologic examination of the serial sections of the ovaries from the healthy mares 

that had six TVLB procedures performed in the year prior to necropsy had no abnormal findings 

and no evidence of fibrosis or structural remodeling. A histological section from a representative 

example of TVLB is shown in Figure 2.1. Active luteal cells are present. 

 

2.3.1.2 Histological Findings:  
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TVOB from the mares (n = 4) with abnormal ovarian tissue consistent with a GTGT was 

diagnostic for GTCT. Laparoscopic ovariectomy was performed to remove the abnormal ovary 

in these mares. The four mares with GTCTs, previously diagnosed with cores obtained through 

the TVOB procedure, were confirmed to have GTCTs histopathologically. A representative 

example of a TVOB from a GTCT mare is shown in Figure 2.3.  One other mare presented with 

a history of a persistently enlarged ovary and abnormal estrous behavior. In this case, the TVOB 

samples indicated the ovary was normal. Subsequent hormonal analysis for biomarkers of GTCT 

in this mare showed levels of testosterone and inhibin within the normal range for a cycling 

mare.  

 

2.4 Discussion:  
 

The development of the TVLB / TVOB procedure allows for collection of luteal samples for 

research and an additional modality for the diagnosis of the abnormal ovarian conditions in the 

mare. Mares with abnormal ovaries are examined using ultrasonographic examination, endocrine 

analysis, and/or surgical removal of the abnormal ovary (McCue et al. 2006; Ball et al. 2014). 

These diagnostic methods are usually sufficient for GTCT, which is the most common ovarian 

tumor in the mares (McCue et al. 2006). Recent studies show that elevated serum anti-müllerian 

hormone levels are strongly suggestive of a GTCT (Ball et al. 2014). 

 However, in mares that: 1) have inconclusive hormone findings, combined with an 

atypical or non-GTCT tumor, 2) have unusual ovarian findings and abnormal estrous behavior, 

3) have ultrasonographic findings inconsistent with a GTCT, a TVOB sample may assist with 

achieving a definitive diagnosis. Other indications for TVOB include: 1) a mare with an 

abnormal ovarian consistency or atypical static ovarian size, or 2) a mare where bilateral tumor 

involvement is suspected. Because export /import regulations of blood products to/from the USA 

or Europe may be problematic, practitioners may choose TVOB when access to endocrine 

reference laboratory is limited. 

 Although there is a significant learning curve in mastering the TVOB, similar to the 

follicular aspiration technique, this procedure can be implemented in a clinical setting. 

Ultrasonographic identification of areas within the tumor that contained denser tissue for 
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sampling yielded better sample cores of tissue. Therefore, avoiding the cystic fluid filled cavities 

in tumors was noted to result in better diagnostic core samples. 

The population of mares utilized in this study is too small to fully evaluate the safety 

considerations, such as other complications including metastasis following ovarian biopsy. 

Follow up studies are required on a larger number of mares with unusual ovarian tumors to 

determine the health and safety effects of TVOB. Mares require sedation but generally tolerate 

the procedure without complications. Health and pregnancy rates were not compromised by 

TVLB. However, pregnancy rates were only evaluated in 37 cycles and further studies with a 

larger population is warranted. The demeanor of the mares did not change in the days following 

the TVLB. Rectal temperatures, taken for 3 days post procedure, remained within normal limits 

for an adult horse. Horses in the research setting were sampled once, twice or three times in a 

cycle. In the mares where rectal irritation was noted, it did not persist or cause any further 

complications. None of the mares including those where the needle perforated the rectum 

experienced any clinical complications.  

 There were no deleterious health effects from multiple TVLBs in a given cycle, however 

2/7 mares that had a luteal biopsy on day 8 returned to estrus early. This may have been a 

spontaneous occurrence unrelated to the procedure, or may be related to physical disruption of 

the microvascular development (angiogenesis) required for luteal function and maturation (Al-

zi’abi et al. 2003; Ferreira-Dias et al. 2006). As most mares received prostaglandin following the 

last TVLB, the interovulatory interval could not be used as a parameter to determine if the 

estrous cycle was shortened. The remainder of the estrous cycles of the mares sampled after day 

8 remained uniform in all years. There was no effect on pregnancy rates of mares that had TVLB 

in the cycle they were bred, and first cycle TVLB pregnancy rates were not statistically different 

from control mares, or subsequent TVLB pregnancy rates. Furthermore, pregnancy rates were 

similar when a subsequent ovulation was from a TVLB ovary. There does not appear to be any 

adverse effects from a single TVLB or serial TVLBs in mares that were followed for two years 

after the procedure. The resilience of the luteal tissue in this regard is noteworthy. It is also 

noteworthy to mention that in group 3 there was only one cycle in which a mare was bred and 

that resulted into a pregnancy, however no statistical difference was found when pregnancy rates 

of non-biopsied control mares were compared to the combined pregnancy rate from groups 1-3 
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(TVLB mares) (P = 0.695413). Further research is warranted on a larger population of pregnant 

mares on the longer-term effects of TVLB on pregnancy performed during early pregnancy. 

 Gross and histological examination of normal ovaries after previous TVLB procedures 

did not reveal any noticeable pathologic changes in the ovaries. There have been histologic 

changes reported in ovaries subjected to the follicular aspiration technique, however no changes 

were noted in this study. This finding may be explained by the: low number of ovarian punctures 

in the TVLB / TVOB procedure, the low number of ovaries examined, and the time frame from 

the procedure to necropsy (Bøgh et al. 2003). The function of the ovary is likely unaltered as 

evident from the pregnancy rates achieved from ovulations on ovaries that had experienced 

previous TVLB procedures. However, it is important to understand that only 13 cycles were 

analyzed on which ten pregnancies resulted from ovulations arising from a TVLB ovary. 

 The TVOB cores from abnormal ovaries resulted in samples sufficient for a diagnosis to 

be obtained. There was no evidence of tumor metastasis seeding along the TVOB puncture tract. 

The firing mechanism of the biopsy needle results in the tissue being guarded upon removal. In 

addition, the potential for tumor seeding with the TVOB procedure is less than during 

laparoscopic ovariectomy, where cystic spaces may rupture and the ovary is manipulated through 

the body wall.   

 

2.5 Conclusion: 
 
Results for the present study showed that the TVLB / TVOB is a relatively safe procedure when 

performed by a well-trained veterinarian and does not seem to affect fertility of subsequent 

cycles. Biopsy samples obtained with the method described are sufficient for histological, 

molecular and immunohistochemical techniques.  

 

Footnotes 
a www.vassarstats.net (last accessed: 07/26/2015)  
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Table 2.1. Mares per procedure per year with control mares bred using artificial insemination, 
Transvaginal luteal biopsy (TVLB) (1-3 biopsies per cycle), and Transvaginal ovarian biopsy 
(TVOB) mares sampled once per cycle. 
 

Procedure 2012 2013 2014 Total 

Control 4 3 4 11 

TVLB 13 14 10 37 

TVOB 4 1 0 5 

Total Number of Mares 21 18 14 53 
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Table 2.2. Mare groups and pregnancy rates followed 0 - 3 transvaginal luteal biopsy procedures 
(TVLB) per estrous cycle. 

 
Mare Groups Mare 

Cycles 

Number of 

procedures Preg. Rate 

Control 11 0 8/11 (73%) 

Group 1 TVLB 1x cycle 43 43 14/20 (70%) 

Group 2 TVLB 2x cycle 55 110 14/16 (88%) 

Group 3 TVLB 3x cycle 5 15 1/1 (100%) 

Group 4 TVOB Abnormal Ovary 5 5 - 

Totals TVLB / TVOB  108 183 29/37 (78%) 

 

 

Table 2.3. Per cycle pregnancy rates (PR) in mares that were bred to one fertile stallion and 95% 

confidence interval (C.I). Control - no ovarian biopsy, Pregnancy rate (PR) before TVLB, PR 

after any TVLB, and PR from an ovulation (Ov) arising from an ovary where a TVLB had been 

previously performed.  

 

Treatment Per cycle PR 95% C.I. 

Control  8/11 (73%) ± 23.41 (43.44, 90.26) 

PR before TVLB 14/20 (70%) ± 18.67 (48.1, 85.45) 

PR after any TVLB 14/17 (83%) ± 17.42 (58.97, 93.81) 

PR from ov arising from previously 

TVLB ovary 

10/13 (77%) ± 21.04 (49.74, 91.82) 
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Figure 2.1. A, Transvaginal ultrasound probe housing; B, ultrasound image of the biopsy needle 
within  the corpus luteum (arrow); C, luteal biopsy on the notched portion of the14-G modified 
true-cut biopsy needle. 

A 

B C 
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Figure 2. 2. Luteal core sample obtained using a TVLB stained with hematoxylin and eosin. 
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Figure 2. 3. GTCT core sample obtained using a TVOB stained with hematoxylin and eosin. 
Note the cords, and sheets of neoplastic cells (arrow). 
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CHAPTER 3: PROGESTERONE LEVELS AND DAYS TO LUTEOLYSIS IN MARES 
TREATED WITH INTRAUTERINE FRACTIONATED COCONUT OIL  
 

Following the validation of the luteal sampling with the transvaginal ultrasound-guided luteal 

biopsy described in Chapter 2, a series of experiments were designed to modulate endometrial 

receptivity, and extend or shorten the luteal phase of the mares to investigate the differential 

expression of putative gene regulators in the endometrium and corpus luteum of mares. Chapter 

3 investigates the effect of intrauterine infusion of coconut oil during diestrus in mares. The  

previously published studies indicated that infusion of coconut oil during mid-diestrus in mares 

would prolong the luteal lifespan, however the mechanism of action was unknown; therefore the 

goal was to investigate luteal and endometrial genes that may be differentially expressed in 

control mares and mares that received intrauterine coconut oil. This experiment demonstrated 

that fractionated coconut oil infused into the equine uterus during diestrus does not prolong the 

luteal phase of the mares and actually shortens the luteal phase, demonstrating that this method is 

unsuccessful for suppressing estrus in the mare. 

 

Copyright Statement: This chapter has been published in the journal, Theriogenology. 

 

Full Citation: Diel de Amorim, M*; Nielsen, K; Salgueiro Cruz, RK; Claire, C. Progesterone 

levels and days to luteolysis in mares treated with intrauterine fractionated coconut oil. 

Theriogenology. 2016 Jul 15;86(2):545-50. doi:10.1016/j.theriogenology.2016.02.002. Epub 

2016 Feb 11.  
*Address correspondence to Dr. Diel de Amorim at mariana.dieldeamorim@usask.ca 

 

Author contribution: Diel de Amorim and Card were responsible for experimental design and 

sample collection.  Histology was processed at the Prairie Diagnostics Services Laboratory. 

Laboratory analysis and cytology was performed by Diel de Amorim. Nielsen and Salgueiro 

helped with sample collection. Diel de Amorim performed data analysis and wrote the 

manuscript and Card supervised writing. 

 

 



	62	

Abstract 

 

Intrauterine plant oil infusion, including fractionated coconut oil, has been previously 

demonstrated to be a safe, inexpensive and reversible method of prolonging the luteal phase in 

mares when administered on day 10 of the estrous cycle. Our objective was to understand the 

utero-ovarian response to the administration of fractionated coconut oil infusion in the uterus of 

diestrous mares. We hypothesized that intrauterine coconut oil administration on day 10 would 

prolong luteal life span in a dose dependent fashion and would result in higher serum 

progesterone levels than untreated mares at the expected time of luteolysis. Light horse mares (n 

=26) were examined using transrectal palpation and ultrasonography to determine if they had a 

normal interovulatory interval and were then examined daily in estrus until the day (D) of 

ovulation (D0), and then every other day during an estrous cycle. Jugular blood was drawn on 

D11, D13, D15 and D17, centrifuged and serum stored until assayed for progesterone (P4) 

(Siemens Coat-a-Count Progesterone RIA, Los Angeles, CA). In a subset of mares were 

randomly assigned to treatment and studied over 1 to 2 estrous cycles with a rest cycle after each 

treatment cycle. Groups were: untreated control (n=5); fractionated coconut oil 1.0 ml (Miglyol 

810, Sasol Oil, Witten, Germany) infused in the uterus with an artificial insemination pipette on 

D10 (Group 1) (n=5); and fractionated coconut oil 0.5 ml infused in the uterus with an embryo 

transfer gun, on D10 (Group 2) (n=5). All statistical analyses were performed using analytical 

software (Stata SE, Version 13.1, College Station, TX, USA) at P<0.05. Data were first 

evaluated using the Shapiro-Wilk test for normality. Differences between groups in days to 

luteolysis (DTL) were examined using ANOVA and Bonferroni, and the effect of day and 

treatment on P4 levels were examined using Kruskal – Wallis and Dunn’s all pairwise test. There 

was a significant difference in DTL between the groups (P=0.0083), with fewer DTL in Group 1 

compared to Control (P=0.011) and to Group 2 (P=0.034). There was a significant effect of day 

(D) (P< 0.0001) on P4 levels with D11 P4 levels higher than D15 and D17 and D13 P4 levels 

higher than day 15 or D17 (P<0.03). There was a significant effect of treatment group 

(P=0.0098) on P4 levels with Control and Group 2 levels higher than Group 1 mares (P=0.0012, 

P=0.0495, respectively). We concluded that intrauterine administration of 1 ml of fractionated 

coconut oil lowered P4 levels in diestrus in a dose dependent fashion and did not prolonged the 

luteal phase of the mares.  
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Keywords: Coconut oil, mare, days to luteolysis, progesterone. 

 

3.1 Introduction 
 

Estrus suppression in the mare has only been truly effective and reversible when achieved by 

administration of anti-gonadotrophin releasing hormone vaccination (Schulman et al. 2013), 

application of treatments to prolong luteal function or by the administration of exogenous 

progesterone/progestagen (Nie, Johnson, Braden et al. 2001). Methods for estrus suppression 

through luteal lifespan lengthening in the mare consists of the: use of intrauterine devices, such 

as marbles (Nie, Johnson, Braden et al. 2001; Nie et al. 2003; Argo and Turnbull 2010) or water-

filled polypropylene balls (Rivera del Alamo et al. 2008); manual reductions of pregnancies 

between days 16 to 24 post-ovulation (Lefranc and Allen 2004); oxytocin therapy in mid-luteal 

phase (Stout et al. 1999; Vanderwall et al. 2007, 2012; Gee et al. 2012) or through a prolonged 

29 day oxytocin treatment (Parkinson et al. 2020), administration of human chorionic 

gonadotropin to induce a diestrous ovulation (Hedberg et al. 2006) and intrauterine plant oil 

infusion on day 10 post-ovulation (Wilsher and Allen 2011).  

The use of intrauterine devices has been suggested to prolong luteal function (Nie et al. 

2003; Rivera del Alamo et al. 2008) by decreasing cyclooxygenase-2 (COX-2) gene expression 

(Rivera del Alamo et al. 2010). The effectiveness of the devices has been reported to vary among 

studies, ranging from 11% to 41.3% (Nie, Johnson, Branden et al. 2001; Nie et al. 2003). 

However, several recent reports have demonstrated the deleterious effects of intrauterine glass 

marbles on the endometrium and future fertility of mares, where pyometra and glass fragments 

becoming embedded in the endometrium were described as consequences related to the 

prolonged use of such devices (Klabnik-Bradford et al. 2013; Vanderwall 2013; Diel de Amorim 

et al. 2014; Turner et al. 2015; Freeman and Lyle 2015).  

Manual reductions of pregnancies between days 16 to 24 post-ovulation (Lefranc and 

Allen 2004) require breeding and may not be ethically acceptable for owners, hence this method 

is not widely used.  

Serial oxytocin injections have demonstrated to be an inexpensive, effective and 

reversible way to prolong the luteal phase of mares when administered from Day 7 to 14 post-
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ovulation once or twice a day (Vanderwall et al. 2007; Gee et al. 2012). The mid – luteal phase 

oxytocin treatment has been shown to be associated with decreased plasma 13, 14-dihydro-15-

keto-PGF2alpha (PGFM) concentrations and reduced endometrial COX-2 expression (Keith et 

al. 2013). A recent report by Vanderwall et al., (2016) demonstrated that 29 consecutive daily 

treatments of oxytocin starting at any stage of the estrous cycle is as efficacious as the protocol 

of injecting mares with oxytocin from D7 to D14 post-ovulation (Vanderwall et al. 2016). 

Oxytocin treatment has been reported to have an efficacy of 60 to 83% in prolonging diestrus in 

mares (Stout et al. 1999; Vanderwall et al. 2007, 2012; Gee et al. 2012), however this method 

requires multiple injections, and may be problematic in mares that are adverse to intramuscular 

injections. Human chorionic gonadotropin administration has been used in early diestrus to 

induce a second ovulation (Hedberg et al. 2006). The treatment is effective as long the mare has 

a large follicle that responds to the hormone in early diestrus, and luteal tissue of the newly 

formed diestrous second corpus luteum is immature and non-responsive to the endometrial 

secretion of prostaglandin at day 14 – 15 post ovulation (Hedberg et al. 2006).    

Research performed by Wilsher and Allen in 2011, showed that intrauterine infusion of 

plant oils, such as fractionated coconut oil on Day 10 post ovulation in mares was an effective 

and practical method of prolonging luteal function in 11/12 (92%) of mares (Wilsher and Allen 

2011). A variety of similar plant oils had similar effect on luteal function in mares when 

administered on day 10 (Wilsher and Allen 2011). No other studies have reported the mechanism 

by which the intrauterine infusion of plant oils on day 10 post ovulation prevents luteolysis and 

maintains endogenous levels of progesterone to suppress estrus, or whether this effect is dose 

dependent. Therefore, the objective of the study was to compare and understand the utero-

ovarian response to two different amounts of fractionated coconut oil administered into the 

uterus of mares on Day 10 post ovulation.  

 

3.2 Materials and Methods 
 
3.2.1 Animals:  
 

The experimental protocol was approved by the Institutional Animal Care Committee of the 

University of Saskatchewan. Mares (n = 26) of Quarter Horse, Paint, Warmblood, 
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Thoroughbred, and Arabian breeds with a mean age of 12 years and ranging in age from 4 to 28 

years were followed throughout multiple estrous cycles in 2013 and 2014.  

 

3.2.1.2 Reproductive Procedures:  
 

Mares were followed throughout multiple estrous cycles using transrectal palpation and 

ultrasonography of the reproductive tract to determine if they had a normal interovulatory 

interval (IOI) and were then examined daily in estrus until the day (D) of ovulation (D0), and 

then every other day during an estrous cycle. In 2013, a preliminary study was performed with 8 

Quarter horse mares, and a total of 10 estrous cycles. Mares received 1 ml of sesame oil (2 

cycles), coconut oil (4 cycles) or fractionated coconut oil (Mygliol 810, Sasol Oil, Witten, 

Germany) (4 cycles). In 2014, mares (n=18) were randomly assigned to treatment and studied 

over 1 to 2 estrous cycles with a rest cycle after each treatment cycle. Groups were: diestrus 

control (n=5), fractionated coconut oil 1.0 ml (Group 1) (n=5), and fractionated coconut oil 0.5 

ml (Group 2) (n=5). The three remaining mares also received fractionated coconut oil (1.0 ml), 

however two mares had an endometrial biopsy and biopsy cytology performed a day later, and 

the third mare had an endometrial biopsy and biopsy cytology performed 4 days after infusion, 

therefore these mares were excluded from the data analysis, and were used solely for the purpose 

of examining the endometrial reaction to the fractionated coconut oil. Mares in the control group 

only had transrectal ultrasound examinations of the reproductive tract and blood collections 

performed. On D10 post ovulation, mares in Groups 1 and 2 were followed using transrectal 

palpation and ultrasonography of the reproductive tract, the perineum was aseptically prepared 

using multiple washes with gentle soap (Jergens®, Cincinnati, OH, USA), rinsed with water, and 

dried with paper towels. Mares in Group 1 had 1 ml of fractionated coconut oil (Miglyol 810, 

Sasol Oil, Witten, Germany) infused into the uterine body. Intrauterine infusion was performed 

with a sterile artificial insemination (AI) pipette (Minitube International, Ingersoll, ON, Canada) 

aseptically in the same fashion as an embryo transfer procedure. One milliliter (1 ml) of 

fractionated coconut oil was withdrawn with a sterile syringe and 18G needle from a sterile 

bottle and placed into a sterile conical tube (Corning® Centrifuge Tubes, 132 Corning 

Incorporated Life Science, Tewksbury, MA, USA). The tip of the sterile AI pipette was placed 

into the tube and using a sterile syringe attached to the other end of the pipette, 1 ml of 
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fractionated coconut oil was aspirated. The intrauterine infusion of the oil was performed in a 

double guarded fashion using an outer open-ended rectal sleeve to shield the pipette as it was 

advanced through the vagina near the cervix. The outer sleeve was retracted to expose an inner 

rectal sleeve and the insemination pipette held guarded in a hand covered by a sterile surgical 

glove, and the pipette was then introduced through the cervix into the uterus being careful to 

minimally manipulate the cervix. Mares in Group 2 had 0.5 ml of fractionated coconut oil 

(Miglyol 810, Sasol Oil, Witten, Germany) loaded into a sterile 0.5 ml insemination straw which 

was infused into the uterine body using an embryo transfer gun (IMV Technologies, Maple 

Grove, MN, USA as previously described for the mares in Group 1, in the same fashion as an 

embryo transfer procedure. After oil infusion, all mares had a transrectal massage performed for 

30 seconds to help distribute the oil within the endometrial lumen, followed by a transrectal 

ultrasound examination to confirm the presence and distribution of the oil in the uterine lumen 

(Fig. 1A-C). 

A transovarian luteal biopsy (TVLB) was performed on Day 12 and Day 15 in mares in 

2014, including the control group as previously described (Diel de Amorim, Nairn et al. 2016). 

The TVLB samples collected in this study were obtained to examine the effects of the 

fractionated coconut oil on gene expression in luteal tissue for another study.  

 

3.2.1.3 Progesterone Analysis 

 

In preliminary study performed in 2013 no hormone analysis was performed; however, the 

mare’s IOI was determined in 8/10 cycles studied. In 2014, jugular blood was collected from all 

mares on D11, D13, D15, and D17 post-ovulation. Blood was centrifuged for 10 minutes after 

clotting and serum was stored at -20°C until analysis for progesterone. The progesterone analysis 

was performed at the endocrinology laboratory at the Western College of Veterinary Medicine in 

a single radioimmunoassay (Siemens Coat a Count Progesterone RIA, Los Angeles, CA). As 

samples were only obtained on days 11,13,15 and 17 post-ovulation luteolysis was defined as a 

decrease in progesterone value from the previous sample and a level below 2.0 ng/ml. For the 

purpose of statistical analysis an overall median progesterone level was calculated for the 4 days. 
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3.2.1.4 Endometrial Biopsy 
 

Endometrial biopsies were performed in three mares that were administered 1 ml intrauterine of 

fractionated coconut oil. Two of these mares had an endometrial biopsy and biopsy cytology 

performed one-day post-oil infusion. The remaining mare  had an endometrial biopsy and biopsy 

cytology performed four days post-oil infusion. All endometrial biopsies were fixed in 10% 

buffered formalin and processed routinely for haematoxylin and eosin (H&E) by Prairie 

Diagnostic Services Inc.  (PDS), Saskatoon, SK, Canada) and for oil red O by the Animal Health 

Diagnostic Center, Cornell University. 

 

3.2.1.5 Statistics: 
 

All statistical analyses were performed using analytical software (Stata SE, Version 13.1, 

College Station, TX, USA) at P<0.05. Data were evaluated using the Shapiro-Wilk test for 

normality. Days to luteolysis (DTL) was examined using ANOVA, and post hoc analysis was 

performed using Bonferroni. The effect of group and day on P4 levels were examined using 

Kruskal – Wallis tests and post hoc Dunn’s all pairwise test.  

 

3.3 Results: 
 

In the 2013 preliminary study in 8 estrous cycles were the IOI was the end point, the mean + SD 

of days between ovulations was 19.9 + 4.7. 

The DTL are shown in Table 3.1 and were (mean + SD) Control (15.8 + 1.0), Group 1 

(1.0 ml fractionated coconut oil) (12.2 + 0.5) and Group 2 (0.5 ml fractionated coconut oil) (15.2 

+ 2.5).  There was a significant difference in DTL between the Groups (p=0.0083), with a shorter 

number of days in Group 1 compared to Control (p=0.011), and when compared to Group 2 

(p=0.034).  

Table 3.1 shows the overall median P4 level [median (quartiles)] ng/ml)] from D11, 13, 

15 and 17 in Control, Group 1, and Group 2 treated mares. There was a significant effect of 

Group (P=0.0098) and Day (P<0.0001) on P4. Post hoc analysis showed that both Control and 

Group 2 mares had higher P4 levels than Group 1 mares (P=0.0012, P=0.0495, respectively). 

Regarding day effects, the D11 P4 levels were higher than D15 and D17 and D13 P4 levels were 
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higher than day 15 or D17 (P<0.03). The oil of all types was easily visualized post-infusion as a 

hyperechoic fluid in the uterine lumen by trans-rectal ultrasound (Figure 3.1 A-C). The oil was 

often visible for a number of days post-infusion (Fig 1C).  

An evaluation of the endometrial biopsies for inflammatory changes showed chronic mild 

lymphoplasmacytic inflammatory cell infiltrates and mild to moderate neutrophilic inflammation 

in the stratum compactum at 24 and 96 hours post treatment, respectively. Occasional 

eosinophils were present in the stratum compactum. The fractionated coconut oil could not be 

identified within endometrial cells in the histological specimens stained using H&E or oil red O 

(Figure 3.2 A-D). There were either no visible or a few degenerate neutrophils present in the 

endometrial biopsy cytologies (Figure 3.2 E-F).  

 

3.4 Discussion:  
 

Estrus suppression is desirable for: performance mares, inhibiting undesirable behaviour that 

some mares may display in heat, or the prevention of breeding (Jorgensen et al. 1996). 

Prolongation of luteal function may occur spontaneously in mares (Ginther 1990). Several 

options have been investigated, to reliably induce prolongation of the CL (Nie, Johnson, Branden 

et al. 2001). The use of intrauterine infusion of plant oils was reported to be an inexpensive, 

reversible means of prolonging luteal function (Wilsher and Allen 2011). However, we failed to 

replicate the results of these authors, and in addition there were no mare cycles (n = 25) in either 

year of this study where a mare exhibited a prolonged luteal phase. Our findings showed that 

progesterone levels decreased at the expected time of luteolysis in those mares treated with 

fractionated coconut oil, with an early return to estrus in mares treated with the 1ml dose of the 

fractionated coconut oil. The results from the preliminary study, performed in 2013, comparing 

different oils (sesame, coconut, fractionated coconut oil) infused into the uterus at Day 10 post 

ovulation in eight mare cycles yielded the same results. The fractionated coconut oil used in this 

study had the same chemical and fatty acid composition as published by Wilsher et al. (Wilsher 

and Allen 2011) and was the identical product (Miglyol 810, Sasol Oil, Witten, Germany). Due 

to the fact that a majority of the mares that had the 1 ml intrauterine fractionated coconut oil 

infusion had a shorter DTL, and to rule out that the fractionated oil was not a source of bacteria, 

the fractionated oil was submitted to Prairie Diagnostic Services (PDS, Saskatoon, SK) for 
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culture and sensitivity, and yielded no microbial growth. Also, these mares were selected for 

good reproductive health, and none of the mares in previous cycles prior to oil administration 

were noted to have intrauterine fluid accumulations or an early return to estrus. 

The intrauterine oil infusion technique used was the same as a nonsurgical embryo 

transfer, which has been used successfully over many years by the authors to establish 

pregnancies, where aseptic preparation of mare’s perineum, a double guarded introduction of the 

pipette into the uterine body, and minimal dilation of the cervix were part of the routine. Our 

practice performs commercial embryo transfer using the same technique successfully, and 

therefore we are convinced that the technique for the intrauterine oil infusion was not a 

contributing factor for the failure to prolong the luteal phase. The use of the embryo transfer gun 

to deliver the fractionated oil in Group 2 was to allow a precise delivery of a small amount of 

fractionated oil, which we believed would be difficult to achieve using the pipette method. When 

an embryo transfer gun with a 0.5 ml straw were used to infuse the fractionated coconut oil in the 

mares in Group 2, these mares failed to have prolonged luteal phases, and had no difference on 

either progesterone levels or DTL compared to the control animals. These data suggest either the 

lower dose of the fractionated coconut oil or the different infusion equipment or the combination 

resulted in that response. The authors believe that the effect of the fractionated coconut oil when 

delivered on D10 of diestrus is probably dose dependent, with higher volumes being more likely 

to induce an early return to estrus, and that lower volumes of 0.5 ml or less have no effect on the 

DTL. While the number of mare biopsies studied is small, the mild neutrophilic reaction noted in 

the mare’s endometrial biopsies post-oil infusion indicated that an inflammatory response 

occurred as a result of treatment. The endometrial inflammatory response to the fractionated 

coconut oil may be the underlying cause of the shorter number of days to luteolysis in the mares 

treated with 1 mL of the fractionated oil. More mare cycles would need to be studied to confirm 

these results and Control mares where the equipment was passed through the cervix should be 

included.  

The TVLB performed in some of the mares did not contribute to early luteal regression, 

as we have published recently in a larger study where both diestrus and pregnant mares 

underwent identical procedures, on the same days, without signs of early luteal regression or 

pregnancy loss (Diel de Amorim, Nairn et al. 2016). In addition, none of the control mares in 

this report, which also had TVLB had premature luteolysis. Group 1 mares had shorter DTL and 
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lower levels of P4 than control mares, demonstrating that the fractionated coconut oil actually 

did not prolong the luteal phase, but it decreased it significantly when 1.0 ml of oil was delivered 

in this fashion.  

The mechanism by which the fractionated coconut oil would act on the endometrium to 

suppress or induce PGF2-α release is unknown. It was hypothesized by Wilsher et al., in 2011 that 

the oil would coat the luminal epithelium of the endometrium and physically interfere with the 

production or release of prostaglandin from the glandular epithelium, or that the various plant 

oils which contain poly unsaturated fatty acids (PUFA), could have an inhibitory action on 

cyclooxygenase-1 (COX-1) and COX-2 (Wilsher and Allen 2011). In human myometrium in 

vitro exposure to long chain poly – unsaturated acids (LC n-3 PUFA) such as decosohexaneoic 

acid (DHA) and arachadonic acid (AA) reduces PGE2 and PGF2-α significantly (Kim et al. 2012). 

Penrod et. al. 2013 reported on the effects of the fatty acids added to equine endometrial explant 

cultures that were then challenged with oxytocin (Penrod, Allen, Turner et al. 2013). The fatty 

acid DHA lowered PGF and PGE production by equine endometrial explants, however this 

occurred without decreasing the enzyme expression of COX-1 and COX-2  (Penrod, Allen, 

Turner et al. 2013). The authors proposed that this inhibition might be due to: shifting production 

of PGs to a 1 or 3 series PG, competition of the DHA with arachidonic acid for lipid metabolism 

and incorporation into the phospholipid bilayer, and the incorporation of the DHA into the 

phospholipid bilayer influencing prostaglandin pathways (Penrod, Allen, Turner et al. 2013). It 

was suggested that the plant oils of different sources with variable PUFA compositions would 

have different uptake rates by endometrial cells and exert different effects on prostaglandin 

pathways (Wilsher and Allen 2011). Our histologic observations of the endometrial tissues 

collected following treatment were that there were no visible oil containing vacuoles in the 

secretory endometrial epithelial cells of mares at 24 hours and 4 days after administration (Figure 

3.2 A-D). Oil Red O staining of the endometrial biopsies also failed to demonstrate any residual 

oil staining material in the luminal or glandular epithelial cells, which suggested using this 

method that the fractionated coconut oil was either not taken up by the endometrial cells or was 

not detectable using this method (Figure 3.2B,D). The fractionated coconut oil was visible using 

ultrasound in at mare at 48 hours post infusion. Some of the oil may have: remained in the 

lumen, been ejected through the cervix, removed through phagocytosis, cleared through the 

lymphatic and circulatory system, or a combination of these mechanisms.  
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3.5 Conclusion:  

 

We concluded that intrauterine fractionated coconut oil administration on D10 of diestrus 

lowered progesterone levels at the 1.0 ml dose and shortened rather than prolonged the luteal 

phase of the mares.  
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Table 3.1. Number of mare cycles in Control, Group 1 intrauterine infusion of 1.0 ml 

fractionated coconut oil, and Group 2 intrauterine infusion with 0.5 ml fractionated coconut oil 

on day 10 and the subsequent days to luteolysis (DTL) (Mean + SD), and overall median 

(quartiles) levels of Progesterone (P4) from day 11, 13, 15 and 17 post ovulation.  

Group Number of 

Mare Cycles 

DTL (Mean + SD) P4 level [median 

(quartiles)]  (ng/ml) 

Control 5 15.8 + 1.0a 8.0 (1.5, 13.8)a 

Group 1 5 12.2 + 0.5b 0.7 (0.005, 6.1)b 

Group 2 5 15.2 + 2.5a 3.9 (0.35, 12.3)a 
Different superscript letters (a, b) denote significant statistical difference (P<0.5) 

 
 

 
Figure 3.1. A. Transverse ultrasound image of the uterine body of a mare immediately post oil 
infusion showing the bright echogenic appearance of the oil (arrow) in the uterine lumen, B.  
Transverse ultrasound image of the uterine body of a mare post oil infusion following transrectal 
uterine massage showing the distribution of the oil (arrow) into the endometrial folds; C. 
Transverse ultrasound image of the uterine body of a mare 48 hours post oil infusion showing the 
echogenic oil (arrow) dispersed in the endometrial folds.  

A	 B	 C	
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Figure 3.2. A. hematoxylin and eosin, or B. oil red O stained endometrial biopsy of a mare 24 
hours post fractionated coconut oil infusion; C. hematoxylin and eosin or D. or oil red O stained 
endometrial biopsy of a mare 96 hours post fractionated coconut oil infusion. E. Wright Giemsa 
stained endometrial cytology from a impression smear from a biopsy of a mare 96 hours post 
fractionated coconut oil demonstrating no inflammation, and from another mare F. 
demonstrating mild inflammation. Arrows indicate the presence of neutrophils.
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CHAPTER 4: CHARACTERIZATION OF SERUM AND TISSUE OXYTOCINASE AND 
TISSUE OXYTOCIN IN THE PREGNANT AND NONPREGNANT MARE 
 

Chapter 4 represents a set of experiments that were designed to characterize and identify both 

oxytocinase and oxytocin in the reproductive tissues of the mare. There is no information 

regarding the distribution of oxytocinase in equine reproductive tissues. Furthermore, there is 

conflicting information regarding oxytocin’s role in equine luteolysis and in the maternal 

recognition of pregnancy. This chapter provides novel information demonstrating that the equine 

luteal tissue expresses both oxytcinase and oxytocin, which are subsequently further investigated 

in the following two chapters. To confirm the presence of oxytocinase and oxytocin, a series of 

experiments were performed starting from an evaluation of the concentration of oxytocinase in 

equine serum and tissue homogenates. Furthermore, western blot analysis, mass spectrometry, 

immunohistochemistry and RNAscope were performed to prove the identification of both 

oxytocin and oxytocinase protein and mRNA in reproductive tissues, and to validate the 

methodology utilized in the following two chapters that looked at the role of oxytocin and 

oxytocinase in the equine endometrium, corpus luteum and embryo in relation to equine MRP. 

 

Copyright Statement: This chapter has not been submitted for publication. The copyright of this 

chapter will belong to the journal it is published in. 

 

Full Citation : Diel de Amorim, M*; Dong, L; Foster, RA; Klein, C; Saleh, M; Saleh, T; Card, 

C*. Characterization of Serum and Tissue Oxytocinase and Tissue Oxytocin in the Pregnant and 

Nonpregnant Mare. Unpublished Manuscript to be submitted to Scientific Report. 
*Corresponding authors: Email: md649@cornell.edu; claire.card@usask.ca 
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and histopathological supervision. Liquid chromatography tandem mass spectrometry was 

performed by the Biotechnology Center at Cornell University.  All laboratory and data analysis 

as performed by Diel de Amorim. Diel de Amorim wrote the manuscript and Card mentored 

throughout the research and the manuscript revisions. 

 

Abstract 

 

Oxytocinase (LNPEP), a key regulator of oxytocin, has been thoroughly investigated in the 

horse. We hypothesized that LNPEP would be widely distributed in equine tissue serum and 

detected in equine serum. Our objectives were to characterize serum and tissue LNPEP and 

oxytocin (OXT) in reproductive tissues in the mare. Experiments: 1) blood was obtained from 

the day (D) of ovulation (D0), and every other day until D21-22 in nonpregnant and pregnant 

mares for LNPEP and progesterone; 2) blood was taken around 320 days of gestation, at 24 

hours before foaling, 20 min and 2 hrs post-foaling. Placental tissues from the pregnant horn 

(PH), nonpregnant horn (NPH) and body (B) of the placenta were obtained for enzyme-linked 

immunosorbent assay (ELISA). Identification of LNPEP and OXT protein in placenta was also 

performed via western blot (WB), immunohistochemistry (IHC) and liquid chromatography 

tandem mass spectrometry (LC-MS/MS); 3) tissues from 6 nonpregnant mares were obtained for 

semi-quantification of LNPEP. Protein identity (LNPEP and OXT) was confirmed with IHC, 

WB and LC-MS/MS. Furthermore, in situ hybridization (RNAscope) was performed for LNPEP 

and OXT on endometrium, myometrium, pituitary and corpus luteum (CL). No difference in 

serum LNPEP concentration was identified between any of the groups. The NPH had the lowest 

quantities of LNPEP (P<0.05). The highest to lowest LNPEP U/mg protein by tissue were: 

myometrium> follicle wall> endometrium> kidney>CL> liver. Oxytocin was identified in the 

equine pituitary, CL and placenta, but not in the endometrium and myometrium. LNPEP may 

regulate the availability of luteal OXT locally.  

 

Keywords: Equine, placenta, corpus luteum, oxytocin, oxytocinase, reproductive tissue. 
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4.1 Introduction 
 

Oxytocin is a nonapeptide that is considered to be a neurohypophysial hormone. The majority of 

the oxytocin is synthetized in the magnocellular neurosecretory cells in the hypothalamic 

supraoptic and paraventricular nuclei; however, it is produced as a prepro-hormone. The 

prohormone through the action of neuroendocrine convertase forms oxytocin/neurophysin - 1 

which is packed into neurosecretory vesicles, transported and stored in Herring bodies at the 

axon terminals in the posterior pituitary. Oxytocin/neurophysin - 1  is released by exocytosis, and 

oxytocin is dissociated from neurophysin or is cleaved from neurophysin after release from the 

posterior pituitary (Chatterjee et al. 2016). Oxytocin in some species is also synthetized by other 

tissues such as the endometrium, myometrium, placenta, and corpus luteum (Gimpl and 

Fahrenholz 2001); and oxytocin has been implicated in many physiological roles, such as 

myometrial contractility, parturition, luteolysis, feto-maternal bonding, milk ejection and also 

modulation of social behaviour (Gimpl and Fahrenholz 2001; Chatterjee et al. 2016). Oxytocin is 

involved in the luteolytic events in the mare (Sharp et al. 1997). It has been reported that the 

equine endometrium expresses oxytocin-neurophysin I using mRNA analysis (Behrendt-Adam et 

al. 1999) and using immunoelectron microscopy  (Bae and Watson 2003); however, the equine 

CL was not reported to be a source of oxytocin (Watson et al. 1999). Additionally, the serial 

administration of oxytocin to mares in the mid luteal phase causes prolonged luteal function but 

this was effected by the timing, duration, dose and route of administration (Stout et al. 1999; 

Vanderwall et al. 2007; Keith et al. 2013). Further knowledge on the metabolism of oxytocin and 

its roles in the equine luteolysis and pregnancy is warranted. 

 Oxytocin is metabolized by aminopeptidase and carboxyaminopeptidase in serum and in 

various tissues by oxytocinase (LNPEP) (Nomura et al. 2005). A variety of terminologies have 

been applied to LNPEP, which include: placental leucine aminopeptidase (P-LAP), or 

Cystine/Cystinyl aminopeptidase (CAP), or leucyl-cystinyl aminopeptidase (LNPEP) (Nomura et 

al. 2013). In rats, the protein called insulin-regulated aminopeptidase (IRAP) is the homologue to 

the human oxytocinase (Keller et al. 1995). Oxytocinases are important in the body for the 

homeostasis of physiologic processes, such as blood pressure, as it regulates oxytocin, 

vasopressin and angiotensin (Nomura et al. 2005; Tsujimoto and Hattori 2005). Oxytocinase 

inactivates the oxytocin hormone by breaking the peptide bond between the N-terminal cysteine 
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and adjacent tyrosine; and it has been demonstrated to be co-localized with the insulin responsive 

glucose transporter 4 (GLUT4) in the GLUT4 specialized intracellular vesicles (Mastick et al. 

1994). Oxytocin coupling with its receptor has been demonstrated to increase in LNPEP activity 

(Nakamura et al. 2000). In vascular endothelial cells oxytocin stimulates the translocation of 

LNPEP via a protein kinase C dependent pathway coupled to the OXTR (Nakamura et al. 2000). 

 Oxytocinase has been demonstrated to be ubiquitous in a wide array of tissues, including: 

the heart, skeletal muscle, adipocytes, vascular endothelial cells, small intestine, kidney, brain, 

testis, lung, liver and placenta (Laustsen et al. 1997; Yamahara et al. 2000; Kobayashi et al. 

2004; Nomura et al. 2013). In the placenta, LNPEP is demonstrated to be present in the 

chorionic microvilli (Nagasaka et al. 1997; Ito et al. 2003), and the concentration of LNPEP was 

almost undetectable in the serum of nonpregnant women, but increased in the maternal blood 

during pregnancy, reaching a 10-fold rise by the third trimester of pregnancy (Yamahara et al. 

2000). Oxytocinase is suggested to be responsible for maintaining homeostasis in pregnancy 

(Mizutani et al. 1976; Yamahara et al. 2000), as pregnant women with pre-eclampsia or pre-term 

delivery have been demonstrated to have abnormal levels of LNPEP (Mizutani et al. 1982, 

1985). The metalloprotease ADAM12 was reported to be responsible for recognizing the amino 

acid sequence for the conversion of the membrane form of LNPEP to the soluble form (Iwase et 

al. 2001). Furthermore, dysregulation of the ADAM12 gene has been suggested to be implicated 

in pre-eclampsia conditions in pregnant women (Armstrong et al. 2017). This gene is expressed 

in the mare (Hestand et al. 2015), and the expression is similar at 45 days of gestation, 4, 6 and 

10 months of gestation (Dini et al. 2018). However, it is unknown if the level of expression 

changes in high-risk equine pregnancies. The amino acid sequence Phe154Ala155 , which is the 

cleavage site for the release of LNPEP in maternal circulation has been suggested to be restricted 

to members of the homindae family, as other species, such as the horse, lack the alignment with  

the region of LNPEP containing the cleavage site based on the human amino acid sequence 

(Pham et al. 2009). This is consistent with similar levels of LNPEP in the blood of pregnant and 

nonpregnant mice (Matsumoto and Mori 1998; Pham et al. 2009).  

 In the horse, considering the central role of hormone oxytocin in reproduction, very little 

research has been done to characterize equine LNPEP, and its function in relation to oxytocin. 

The endometrial flush fluid of nonpregnant mares that was recovered at Day 4, 8, 12, 14, 16, 18 

and 20 post-ovulation had LNPEP activity, which peaked at Day 12 (Zavy et al. 1979). Those 
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authors suggested that the LNPEP identified in the uterine flush fluid was most likely derived 

from serum transudation (Zavy et al. 1979), but no studies were performed to identify if the 

equine endometrium expresses LNPEP. Oxytocinase was identified in full term equine placental 

extracts with a molecular weight of 115kDa (Ikenaga et al. 1994).  Additionally, a study that 

investigated the circulating levels of LNPEP in plasma via a colorimetric test in 40 pregnant and 

10 nonpregnant mares found no difference in the LNPEP levels between the groups; and both 

groups of animals had low levels of plasma LNPEP (Ikenaga, Mizuta et al. 1993), suggesting 

that LNPEP levels are not related to the increase in placental mass related to gestational stage in 

mares, therefore placental LNPEP in the horse may not be a major contributor to the circulating 

plasma level. Further studies using ELISA and molecular techniques are indicated to confirm 

those findings.  

 In sheep, LNPEP has a widespread distribution in the reproductive tract, with the 

myometrial outer layer and endometrial luminal epithelial having the highest level of LNPEP. 

However, when exogenous estrogen was administered to ovariectomized sheep, a significant 

decrease on LNPEP was identified in the outer myometrial layer (Mustafa et al. 2004), 

suggesting that estrogens may regulate LNPEP activity. In human endometrium, LNPEP 

expression is localized to the epithelial cells (Toda et al. 2002). Furthermore, progesterone has 

been demonstrated to: decrease LNPEP in an in vitro model, increase the sensitivity to oxytocin 

and increase the secretion of PGE2 (Kotani et al. 2005). Both aforementioned studies have 

suggested that LNPEP has role on human embryonic implantation. 

There is paucity of information on presence of LNPEP in different tissues of mares and 

conflicting information regarding the expression of oxytocin in the corpus luteum. Additionally, 

it is unknown if LNPEP changes during the expected time of maternal recognition of pregnancy 

(MRP), late gestation and parturition. We hypothesized that LNPEP in mares would be similar to 

other species and would be found widely distributed in tissues and serum and that OXT will be 

expressed in the equine CL. Therefore, our objectives were: 1) characterize serum LNPEP in 

mares during: estrous cycle, early pregnancy, late pregnancy and post-partum; and 2) investigate 

the tissue distribution of this protein in nonpregnant mares; 3) characterize the expression of 

LNPEP in placental tissues of mares; and 4) investigate the tissue distribution and characterize 

the expression of OXT in reproductive tissues in the mare. 
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4.2 Materials and Methods 
 
4.2.1 Animals 
 

Healthy light breed mares (n = 35) ranging in age from 3 to 16 years old, with a mean and 

standard deviation (+ SD) age of 8.8 + 3.5 years were used in this study. All horses were fed 

forage, concentrate, water and trace mineral supplementation to meet their requirements. All 

animals use was approved by the Ethical Committee of the University of Saskatchewan (UCACS 

protocol # 2012004) and the University of Prince Edward Island (16-001 and 6006500).  

 

4.2.1.2 Experiment 1  
 

Eleven mares were used in this experiment, consisting of 5 nonpregnant (control) and 6 pregnant 

mares. Transrectal palpation and ultrasound were used to determine normal cyclicity and prior to 

enrollment of the animals in the study. Daily reproductive ultrasound examinations were 

performed once estrus was detected (>30 mm with at least a grade 1 uterine edema, soft uterus 

and no CL present) until the day of ovulation (D0). Mares that were assigned to the pregnant 

mare groups were bred by a single fertile stallion with > 200 million progressive motile normal 

spermatozoa using artificial insemination every other day until ovulation was detected. 

Pregnancy was confirmed by transrectal ultrasound at 12, 14- and 21-days post-ovulation to 

determine pregnancy status and fetal viability. Jugular blood was obtained every other day from 

D0 until D21 in pregnant mares and until the following ovulation in non-bred mares (around 21 

to 22 days) for measurement of LNPEP and progesterone (P4). The serum was stored frozen in 

aliquots at -20°C freezer until analysis.  

 

4.2.1.3 Experiment 2 
 

Eighteen late pregnant Standardbred mares were used in this experiment. The reproductive history 

was collected on each mare, including last breeding date and confirmation of the mare’s 14-day 

and 30-day pregnancy checks. Daily monitoring of physical changes (tail head laxity, sacrosciatic 

ligament, vulvar elongation) and udder development were observed from 320 days of gestation 

until parturition. Pre-foaling mammary secretion was monitored daily in late afternoon for 
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electrolytes and pH to determine foaling date as previously described (Diel de Amorim et al. 2019).  

All foalings were observed. Jugular blood collection was performed: prepartum (320-336 days of 

gestation), 24 hours before parturition, 20 minutes and 2 hours after foaling. Serum was stored 

frozen at -20°C until analysis. Immediately following parturition, the chorioallantoic membrane 

tissues were retrieved from naturally delivered placentae from the body (B), pregnant horn (PH), 

and nonpregnant horn (NPH) in eight (n=8) mares, then divided into two pieces: one piece was 

stored frozen at -80°C until analysis, and the second was placed in 10% formalin for 24 hours and 

paraffin embedded for immunohistochemistry (IHC). 

 

4.2.1.4 Experiment 3 
 

Six mares that were used as control animals in another study were euthanized. The reproductive 

tract was examined to determine follicular activity and stage of estrous cycle. Mares were 

determined to be in diestrus based on medium size follicles, lack of endometrial edema and a 

presence of a mature corpus luteum (CL). Tissue samples (liver, kidney, myometrium, 

endometrium, corpus luteum, follicle wall and pituitary) were collected at necropsy. Tissues 

were immediately snap frozen and stored at -80°C. Portions of the reproductive tissues 

(myometrium, endometrium, CL, ovary and pituitary) were placed in 10% formalin for 24 hours 

and paraffin embedded for IHC and in situ hybridization (RNAscope).  

 

4.2.1.5 Serum progesterone and oxytocinase 
 

All serum samples from animals in Experiment 1 were analyzed for progesterone and LNPEP. 

The serum from mares in Experiment 2 were only analyzed for LNPEP. Serum progesterone 

analyses from the mares was performed at the Endocrinology Laboratory at the Western College 

of Veterinary Medicine in a single radioimmunoassay (ImmuChem™ Coated Tube Progesterone 

125 RIA Kit, ICN Pharmaceuticals, Costa Mesa, CA). Declining daily progesterone levels along 

with levels below 2 ng/mL progesterone were considered consistent with estrus. 

 The second aliquot of serum was used to measure the changes in circulating LNPEP 

levels using a commercially available enzyme-linked immunosorbent assay (ELISA) kit for 

Horse LNPEP. The capture antibody for the commercial ELISA is a mouse monoclonal and the 

immunogen is a recombinant full-length horse LNPEP protein expressed by E coli. The detection 
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antibody is a rabbit polyclonal antibody and the immunogen is a synthetic peptide within Human 

Leucyl-cystinyl aminopeptidase aa 1-50 (N terminal). National Center for Biotechnology 

Information (NCBI) accession: NP_005566.2. Sequence: 

MEPFTNDRLQLPRNMIENSMFEEEPDVVDLAKEPCLHPLEPDEVEYEPRG. The assay was 

performed according to the manufacturer’s instructions (MyBioSource, San Diego, CA, USA) 

and validated for use in our laboratory using serial dilutions of pooled serum with added amounts 

of the LNPEP high standard, with an intra-assay and inter-assay CV <15%. The range of 

sensitivity of the assay was reported to be 6.25 – 200 U/L. The samples were run in duplicate 

using an ELISA plate reader with optical density (OD) set at 495 nm.  

  

4.2.1.6 ELISA for tissue oxytocinase 
 

All tissue samples from Experiment 2 and 3 were thawed, rinsed in ice-cold 0.02 mmol/L PBS 

pH 7.2, and minced. Tissue samples (100mg) were manually homogenized in PBS then 

sonicated. The tissue was then centrifuged at 1500 x g for 15 minutes. Protease inhibitor cocktail 

was used to avoid protein degradation (Halt™, Thermoscientific, Rockford, IL) according to 

user’s guide. The resulting supernatant was stored at -80°C and assayed at a later time. Tissue 

extracts were assayed for protein concentration with a commercial protein assay kit (Bio-Rad 

Protein Assay, BIO-RAD, Mississauga, ON) according to the manufacturer’s instructions.  The 

same commercial ELISA (LNPEP for horses, MyBioSource, San Diego, CA) that was used for 

the equine serum, was used to determine the LNPEP concentration per gram (U/gr) of protein in 

the tissue after calculating the protein concentration. 

 

4.2.1.7 Western Blot (WB) for OXT and LNPEP 
 

Sample preparation: equine tissues were homogenized pre-chilled with a mortar and pestle 

method by adding RIPA lysis buffer supplemented with a mixer of protease inhibitors (Santa 

Cruz, Dallas, TX, USA) at ratio of 1g of tissue to 3 mL of lysis buffer. The homogenized tissues 

were transferred to eppendorf tubes and incubated on ice for 30 min and vortexed every 10 min. 

The crude total protein supernatants were obtained after centrifugation at 15,000 rpm for 10 min 

and were aliquoted and stored at -20°C until use. All equine tissues were used in the Western 
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Blot to identify LNPEP, however only equine pituitary, endometrium, myometrium and corpus 

luteum were used for OXT.  

Determination of Protein Concentration: the total protein concentrations from crude 

extracts were determined with Pierce Detergent Compatible Bradford Assay Kit (Thermo 

Scientific, Delaware, MA, USA) based on a standard curve obtained from a series of dilutions of 

bovine serum albumin (BSA) by following the kit’s instruction. 

Gel Electrophoresis and protein transfer: the crude protein extracts (20 ug) were 

denatured in sample loading buffer and separated on 4-20% Mini-PROTEAN® TGXTM Precast 

Gels with Mini-PROTEAN® Tetra Cell using Tris/Glycine/SDS Electrophoresis Buffer (Bio-

Rad, Hercules, CA, USA). The separated proteins were transferred onto Immobilon-P 

polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA, USA) in Tris/glycine 

buffer with Mini Trans-Blot® Cell (Bio-Rad, Hercules, CA, USA). 

Blocking and Antibodies:  the PVDF membranes containing transferred proteins were 

washed in phosphate buffered saline with 0.05% Tween 20 and incubated in blocking buffer 

(10% goat serum, 2xcasein in PBS) for 1 hr at room temperature to prevent nonspecific binding. 

Primary antibodies, rabbit anti-oxytocin (ImmunoStar, Hudson, WI, USA, 1:1,000), rabbit anti-

LNPEP (LifeSpan BioSciences, Seattle, WA, USA, 1:1,000) were diluted in PBS containing 1x 

casein and incubated overnight at 4ºC. To determine epitope-specific binding, a separate PVDF 

membrane was performed in parallel with isotype negative control diluted to equivalent final 

concentration (rabbit IgG at 1:5,000 for LNPEP, rabbit sera at 1:1,000 for OXT). After that, the 

membranes were washed in PBS containing 0.05% tween 20 for 5 min for 3 times, and incubated 

with biotinylated goat at at rabbit IgG (Vector Laboratories, Burlingame, CA, USA, 1:1,000 in 

PBS) for 30 min and followed by incubation with streptavidin conjugated to alkaline 

phosphatase (Vector Laboratories, Burlingame, CA, USA, 1:500 in PBS) for 20 min at room 

temperature. The positive staining was visualized by incubation with ImmPACT® Vector® Red 

chromogen (Vector Laboratories, Burlingame, CA, USA). Precision Plus ProteinTM Dual Color 

Standards (Bio-Rad, Hercules, CA, USA) were used for monitoring gel electrophoresis and 

confirmation of proper protein transfer. A separate blot against mouse anti-GAPDH (Santa Cruz, 

Santa Cruz, Dallas, TX, USA, 1:1,000) was used as a loading control. 
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4.2.1.8 Liquid chromatography tandem mass spectrometry (LC-MS/MS) 
 

A Coomassie blue stained polyacrylamide gel was run side by side with the polyacrylamide gel 

used for WB to identify immune-positive bands against the antibodies used. The corresponding 

bands in the polyacrylamide gel of the expected molecular weight (MW) for OXT (MW of 10-

17kDa) and LNPEP (MW of 115-150kDa) were excised and submitted for liquid 

chromatography tandem mass spectrometry (LC-MS/MS) for protein identification to the 

Proteomics Facility at the Institute of Biotechnology at Cornell University.  

 

4.2.1.8.1 In-gel trypsin digestion of SDS gel bands 
 

The protein bands (~1 mm cubes) from an SDS-PAGE gel were subjected to in-gel digestion 

followed by extraction of the tryptic peptide as reported previously (Yang et al. 2007). The 

excised gel pieces were washed consecutively with 200-400μL distilled/deionized water 

followed by 50mM ammonium bicarbonate, 50% acetonitrile and finally 100% acetonitrile. The 

dehydrated gel pieces were reduced with 50-400μL of 10mM DTT in 100mM ammonium 

bicarbonate for 1 hour at 56 °C, alkylated with 50-400μL of 55mM iodoacetamide in 100mM 

ammonium bicarbonate at room temperature in the dark for 45 minutes.  Repeated wash steps as 

described above, the gel slices were then dried and rehydrated with trypsin (Promega), at an 

estimated 1:3 w/w ratio in 50mM ammonium bicarbonate, 10% ACN.  Incubated at 37 °C for 18 

hrs. The digested peptides were extracted twice with 200μl of 50% acetonitrile, 5% formic acid 

and once with 200 μl of 75% acetonitrile, 5% formic acid. Extractions from each sample were 

combined and filtered with 0.22 um spin filter (Costar Spin-X from Corning) and dried to 

dryness in the speed vacuum. Each sample was reconstituted in 2% acetonitrile, 0.5% formic 

acid prior to LC MS/MS analysis. 

 

4.2.1.8.2 Protein Identification by nano LC/MS/MS analysis 
 

The in-gel tryptic digests were reconstituted in 20 μL of 0.5% FA for nanoLC-ESI-MS/MS 

analysis, which was carried out using an Orbitrap FusionTM TribridTM (Thermo-Fisher 

Scientific, San Jose, CA) mass spectrometer equipped with a nanospray Flex Ion Source, and 

coupled with a Dionex UltiMate3000RSLCnano system (Thermo, Sunnyvale, CA) (Thomas et 
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al. 2017; Yang et al. 2018). The gel extracted peptide samples (5 μL) were injected onto a 

PepMap C-18 RP nano trapping column (5 µm, 100 µm i.d x 20 mm) at 15µL/min flow rate for 

rapid sample loading and then separated on a PepMap C-18 RP nano column (2 µm, 75 µm x 25 

cm) at 35 °C. The tryptic peptides were eluted in a 60 min gradient of 5% to 38% acetonitrile 

(ACN) in 0.1% formic acid at 300 nL/min., followed by a 7 min ramping to 90% ACN-0.1% FA 

and an 8 min hold at 90% ACN-0.1% FA. The column was re-equilibrated with 0.1% FA for 25 

min prior to the next run.  The Orbitrap Fusion is operated in positive ion mode with spray 

voltage set at 1.6 kV and source temperature at 275°C. External calibration for FT, IT and 

quadrupole mass analyzers was performed. In data-dependent acquisition (DDA) analysis, the 

instrument was operated using FT mass analyzer in MS scan to select precursor ions followed by 

3 second “Top Speed” data-dependent CID ion trap MS/MS scans at 1.6 m/z quadrupole 

isolation for precursor peptides with multiple charged ions above a threshold ion count of 10,000 

and normalized collision energy of 30%.  MS survey scans at a resolving power of 120,000 

(fwhm at m/z 200), for the mass range of m/z 375-1575.  Dynamic exclusion parameters were set 

at 40 s of exclusion duration with ±10 ppm exclusion mass width. All data were acquired under 

Xcalibur 3.0 operation software (Thermo-Fisher Scientific).  

 

4.2.1.8.3 LC-MS/MS data analysis 
 

The DDA raw files for CID MS/MS were subjected to database searches using Proteome 

Discoverer (PD) 2.3 software (Thermo Fisher Scientific, Bremen, Germany) with the Sequest 

HT algorithm.  Processing workflow for precursor-based quantification. The PD 2.3 processing 

workflow containing an additional node of Minora Feature Detector for precursor ion-based 

quantification was used for protein identification. The database search was conducted against 

Equus caballus NCBI Jun 2018 database also having 245782 entries.  Two-missed trypsin 

cleavage sites were allowed.  The peptide precursor tolerance was set to 10 ppm and fragment 

ion tolerance was set to 0.6 Da. Variable modification of methionine oxidation, deamidation of 

asparagines/glutamine and fixed modification of cysteine carbamidomethylation, were set for the 

database search.  Only high confidence peptides defined by Sequest HT with a 1% FDR by 

Percolator were considered for the peptide identification. The final protein IDs contained protein 

groups that were filtered with at least 2 peptides per protein.   
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The precursor abundance intensity for each peptide identified by MS/MS in each sample 

were automatically determined and their unique peptides for each protein in each sample were 

summed and used for calculating the protein abundance by PD 2.3 software without 

normalization. 

 

4.2.1.9 Immunohistochemistry (IHC) for OXT and LNPEP 
 

The immunohistochemistry of the equine tissues (pituitary, endometrium, myometrium and 

corpus luteum) were performed by the Immunopathology Research and Development Core 

Laboratory at Cornell University. Briefly, 4-μm–thick sections of formalin-fixed/paraffin-

embedded sections were used for immunohistochemical analysis. After deparaffinization in 

xylene and rehydration in graded ethanol, the sections were subjected to antigen retrieval by 

steaming in citrate buffer (10 mM, pH 6.0) for 20 min and followed by 30 min cooling at room 

temperature. Then, endogenous peroxidase activity was quenched by 0.3% hydrogen peroxide in 

distilled water for 10 minutes. An IHC analysis was performed by using ImmPRESS® HRP 

Goat Anti-Rabbit IgG (Peroxidase) Polymer Detection Kit (Vector Laboratories) following the 

kit instruction. The tissue sections were incubated with primary antibodies for 1.5 hr at room 

temp on an orbital shaker. For LNPEP, the rabbit polyclonal anti-human LNPEP IgG was 

purchased from LifeSpan BioSciences, Inc (LSBio, Cat# LS-B12918/65145) and used at 1:200 

for all tissues. For oxytocin, rabbit anti-synthetic oxytocin whole serum was purchased from 

ImmunoStar (cat#20068) and used at 1:15,000 for pituitary and at 1:500 for the rest of tissues.   

Negative controls were run in parallel by replacing the primary antibody with rabbit IgG for 

LNPEP and rabbit serum for oxytocin at the equivalent final concentration. Nova Red (Vector 

Laboratories) was used as a chromogen to visualize antigen localization, and the sections were 

lightly counterstained with hematoxylin. All stained IHC slides were digitized with Aperio CS2 

(Leica Biosystems). 

 

4.2.1.10 RNA In Situ Hybridization (RNAscope) 
 

Fresh tissues (pituitary, endometrium, myometrium, and corpus luteum) were immediately fixed 

in 10% formalin in neutral buffered saline for 24 hours at room temperature and submitted to 

Histology Lab at Animal Health Diagnostic lab at the Cornell University for dehydration and 
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embedding. Five μm–thick sections of formalin-fixed/paraffin-embedded sections were used for 

RNAscope ISH staining by following the instruction of “Formalin-fixed paraffin-embedded 

sample preparation and pretreatment” (document no. 322452, ACDBio, Newark, CA, USA). 

Prior to staining, all slides are baked in a dry oven for 1 hr at 60ºC. After deparaffinization in 

xylene and rehydration in graded ethanol, the sections were subjected to antigen retrieval. For 

equine pituitary gland, the slides were steamed in ACD’s RNAscope Target Retrieval solution 

(1x) for 15 min, and then the slides were further incubated in RNAscope Protease Plus for 15 

min at 40ºC. For equine corpus luteum, endometrium, myometrium, the slides were steamed in 

ACD’s RNAscope Target Retrieval solution (1x) for 8 min, and then the slides were further 

incubated in RNAscope Protease Plus for 15 min at 40ºC. The endogenous peroxidase activity 

was quenched by 0.3% hydrogen peroxide in distilled water for 10 minutes at room temperature. 

For LNPEP ISH, RNAscope 2.0 HD detection kit (Red) was used by following ACD’s 

user manual (cat. No. 320487). The RNAscope LNPEP probe was designed based on 20ZZ 

named Ec-LNPEP targeting 2202-3146 of XM_005599529.2. RNAscope negative probe DapB 

were performed in parallel for assessing non-specific background staining during initial 

optimization process. 

For oxytocin ISH, the BaseScope™ Reagent Kit v2-RED was used by following the user 

manual (cat. No.323910). The BaseScope oxytocin probe was designed based on 3ZZ probe 

targeting sequence provided, 2-150 named BA-Ec-oxt-3zz-st. BaseScope negative probe DapB-

3ZZ were performed in parallel for assessing non-specific background staining during initial 

optimization process. 

 

4.2.1.11 Statistical analysis 
 

All data analysis was performed with JMP Pro 13.1(SAS Institute Inc.) with a p-value of P < 

0.05. Residual plots and Shapiro-Wilk tests were utilized to determine normality, and data was 

ranked transformed when necessary. For Experiment 1, serum P4 was analyzed with a mixed 

model (REML) with progesterone as a dependent variable with the model statement including 

group, day and group*day interaction. Serum LNPEP was also analyzed in the same fashion, 

however serum P4 was added as an effect in the model and mare was added as a random factor. 
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For experiment 2 and 3, serum and tissue LNPEP were analyzed with Kruskal-Wallis test with 

post-hoc Dunn’s test. 

 

4.3 Results 
 
4.3.1 Experiment 1 
 

Figure 4.1 demonstrates the graph for serum progesterone and LNPEP in nonpregnant and 

pregnant mares by Day. Serum progesterone was different between pregnant and nonpregnant 

mares (P < 0.001) with a median and interquartile range (IQR) of 6.44 (0.39, 14.23) in 

nonpregnant mares and 10.98 (9, 12.19) in pregnant mares. There was a significant difference 

between the two groups starting at Day 18 (P < 0.05). 

 No difference between serum LNPEP (U/L) between groups of pregnant and nonpregnant 

mares was identified and median and interquartile range (IQR) LNPEP concentration (U/L) in 

nonpregnant mares was 79.43 (73.01, 81.43) and in pregnant mares was 67.45 (65.75, 69.86). 

However, D18 nonpregnant mares had decreased LNPEP concentration (U/L) 68.6 (58.4, 72.3) 

compared to pregnant mares 73.4 (45.1, 97.4) (P < 0.01). The progesterone did not have an effect 

on the LNPEP concentration (P = 0.3), but there was a mare effect (P < 0.04) on serum LNPEP. 

 

4.3.1.2 Experiment 2 

Mares’ mean gestational age at foaling was 343+7.1 days (range 332 to 361 days). There was no 

significant effect of day/hour on serum LNPEP levels. The median LNPEP levels (U/L) and 

interquartile range (IQR) at sampling times were: pre-partum 43.2 (32.2, 49.8), 24 hours to 

foaling 42.9 (33.1, 52.8), within 20 min after foaling 40.87 (30, 52.2), and 2 hours post-foaling 

37.3 (25.7, 50.4) (Figure 4.2). There was a significant effect of placental region on LNPEP (P= 

0.006), with body and pregnant horn (P=0.01 and P=0.001, respectively) having significantly 

higher levels than nonpregnant horn. The placenta LNPEP concentration U/gr [median (IQR)] by 

placental region were: B (31 [15.6, 37.2]), NPH (15.75 [12.3, 18.06]), and PH (26.11 [20.38, 

36.58]) (Figure 4.3A). The initial two blots of freshly prepared tissue demonstrated a band for 

the placenta for LNPEP for the expected molecular weight (115 kDa) (data not shown), however 

in later blots we were unable to reproduce the same band. No band was detected for OXT at the 
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expected molecular weight (10 kDa). The portions of the Coomassie blue gel corresponding to 

the molecular weight regions of the placental tissue LNPEP and OXT processed by LC-MS/MS 

contained both LNPEP and OXT despite the lack of detectable band on WB (Table 4.1 and 4.2). 

Evaluation of IHC showed strong cytoplasmatic staining of LNPEP in the chorionic villi, but 

weak staining of OXT was noted. 

4.3.1.3 Experiment 3 

The median tissue LNPEP activity U/L and IQR per 100 mg of tissue ranked from highest to 

lowest activity was: myometrium 40.1 (23.7-57.6), follicle wall 26 (23.6-38.6), endometrium 

19.4 (17.1-28.7), kidney 15.6 (12.4-23.9), corpus luteum 15.8 (12.4-19.5), and liver 8.7 (6.5-

12.5) (Figure 4.3 B). The western blot showed a band around 150 kDa for the LNPEP for all 

tissues, however placental tissue was not examined (Figure 4.3C). For OXT, a band around 10 

kDa was identified for pituitary and a faint band was visualized for the CL, but not for 

endometrium or myometrium (data not shown).  The 37 kDa GAPDH band demonstrated evenly 

loaded protein for all the tissues alongside the LNPEP (Figure 4.3C). Figure 4.4 shows the 

Coomassie blue gel before (Figure 4.4A) and after (Figure 4.4B) the band resections for LC-

MS/MS analysis. The LC-MS/MS confirmed the identity of LNPEP in the bands submitted for 

all the tissues (Table 4.1), and OXT was correctly identified in equine pituitary and CL (Table 

4.2), but not in equine endometrium and myometrium (data not shown).  

Immunohistochemistry results demonstrated strong staining for all the reproductive 

tissues for LNPEP (anterior and posterior pituitary, corpus luteum, endometrium, myometrium 

and placenta) (Figure 4.5). There was diffuse staining of the pituitary gland, with stronger 

staining in the anterior pituitary. There was a strong staining in endothelial vessels of all tissue 

analyzed. The myometrium and placenta staining were localized to the cytoplasm. In the 

endometrium, there was strong cytoplasmatic staining in the luminal and glandular epithelium, 

and both small and large luteal cells stained for LNPEP in the CL. The LNPEP RNAscope 

demonstrated expression in the anterior and posterior pituitary and the myometrium. The equine 

CL demonstrated LNPEP expression and both the glandular and luminal epithelium showed 

LNPEP using RNAscope (Figure 4.6). 
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 In regard to the OXT immunohistochemistry, there was a strong staining in the posterior 

pituitary and no immunostaining was detected in the anterior pituitary. The large luteal cells of 

the equine CL have staining uptake for OXT, and a weak cytoplasmatic staining of the chorionic 

portion of the placenta was observed for OXT. No staining was identified in the equine 

endometrium or myometrium (Figure 4.7). The RNAscope demonstrated the expression of OXT 

in the posterior pituitary and CL, but no signals in the endometrium and myometrium were noted 

(Figure 4.8). 

4.4 Discussion  
 

In experiment 1, the serum progesterone concentration started to diverge between pregnant 

mares and nonpregnant from D14-16, which corresponds to the process of luteolysis (Douglas 

and Ginther 1976), but was statistically different from D18 on, where pregnant mares maintained 

their progesterone levels elevated and the nonpregnant groups had undergone complete 

luteolysis. Changes in progesterone concentrations did not affect serum LNPEP, and we 

concluded that progesterone is unlikely to be a main regulator of serum LNPEP concentrations. 

 The serum concentration of LNPEP was not different between nonpregnant and pregnant 

mares during early pregnancy (D0 to D22), and between late gestation and the early post-partum 

period. This finding is in agreement with previous study that evaluated monthly blood samples 

from both nonpregnant and pregnant animals (Ikenaga, Shimada et al. 1993). Furthermore, when 

we compared the serum LNPEP concentrations of early pregnant mares (D0 to 22) 67.5 (65.4, 

74.1) to the pre-partum mare 43.7 (19.7, 63.2), the latter has significantly decreased levels of 

LNPEP (P = 0.0001). This may be related to the increased plasma volume of  pregnant mares 

compared to nonpregnant counterparts (Wilkins 2003). Furthermore, there was an individual 

mare effect on the serum LNPEP concentration, which could also be explained by the individual 

mare plasma volume, which we did not take into account in our study.  

We have demonstrated that the equine placenta expresses LNPEP, and our findings are 

consistent with a study that reported the molecular weight of LNPEP as 115 kDa in equine 

placenta extracts (Ikenaga et al. 1994). Furthermore, a recent transcriptomic study has 

demonstrated the expression of LNPEP in the equine placenta throughout gestation (Loux et al. 

2019). It is likely that we were unable to consistently get a band in the WB in subsequent gels as 

the LNPEP may have been degraded due to endogenous proteases released post-partum , or 
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degradation during storage of the tissue extract and the lesser amounts of LNPEP were not able 

to be identified in the later gels. However, we were still able to identify both LNPEP and OXT 

by more sensitive methods such as in the LC-MS/MS from the analysis of the bands obtained 

from the Comassie blue gel. It does not seem that the placental LNPEP contributes to serum 

LNPEP as LNPEP levels do not increase as placental mass increases. The cleavage site for 

releasing the membrane bound form of the LNPEP from the placenta into the soluble form in 

blood contains the amino acid sequence (Phe154Ala155), which is absent in the equine and is 

reported to be restricted to members of the homindae family. There is a lack of sequence 

alignment of the equine region of LNPEP containing the cleavage site based on the human amino 

acid sequence (Pham et al. 2009). Therefore, placental LNPEP may not be cleaved for release 

into the circulation and it may not be a useful serum marker for pre-term delivery and other high-

risk pregnancy associated problems in the equine, as it is in women (Mizutani et al. 1982, 1985). 

Serum LNPEP is expected to be involved in rapid clearance of oxytocin released by the 

pituitary as tight regulation of this hormone is needed. The presence of varying amounts of tissue 

LNPEP may explain the difference in the different physiologic effects of oxytocin, such as the 

capacity to induce luteostasis, based on the dose, route, duration, and frequency when 

administered. In ruminant species administration of oxytocin in the early post ovulatory period 

results in an early return to estrus as it interferes with the formation of the corpus luteum. In light 

horse mares 60 IU of oxytocin, administered intramuscularly (IM) from days 7 -14 of the estrus 

cycle, results in luteostasis in a large proportion of mares (Vanderwall et al. 2007, 2012). Low 

dose (10 IU) intramuscular (IM) administration of oxytocin did not prolong the luteal phase 

while IV administration did (Gee et al. 2012) a result which may be explained by a potentially 

higher level of LNPEP in skeletal muscle and more rapid metabolism of oxytocin compared to 

the rapid clearance of oxytocin by serum LNPEP when oxytocin is administered IV. We did not 

however examine LNPEP in skeletal muscle. We note however that lactating mares experience 

many episodes per day of oxytocin release in response to foal suckling and do not experience 

prolonged luteal phases. This suggests that the endogenous levels of oxytocin associated with 

milk ejection are perhaps below the level required to induce luteostasis, which in mares treated 

with oxytocin daily from days 7 -14 of the estrous cycle results in suppression of PTGS2 and 

ESR2 (Rebordao et al., 2017). In our experiment the concentration of LNPEP was measured and 

not the specific activity of LNPEP. There may be differences in the specific activity of the 
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LNPEP just as there are differences in tissue and serum concentrations. Further study is needed 

to determine if these differences exist and additionally to examine the effect of daily oxytocin 

treatment on serum and luteal LNPEP concentrations and expression. Oxytocin administration 

may induce changes in luteal tissue that involve LNPEP and facilitate luteostasis. 

 Different tissues had variable amounts of LNPEP with the highest levels noted in equine 

myometrium and placenta. The higher levels of expression of LNPEP in the equine myometrium 

is also corroborated by the finding that the ovine uterus had the highest LNPEP binding in the 

outer myometrial layer (Mustafa et al. 2004). Furthermore, the wide distribution of oxytocinase 

in different tissues is not unique to the equine, as mice and human studies have demonstrated that 

this aminopeptidase is ubiquitously distributed (Nagasaka et al. 1997; Laustsen et al. 1997; 

Yamahara et al. 2000; Ito et al. 2003; Kobayashi et al. 2004; Nomura et al. 2013). We identified 

the LNPEP isoform 2 in all of the bands from the Comassie blue gel submitted for LC-MS/MS. 

Oxytocinase has been demonstrated to be co-localized with GLUT4 vesicles (Mastick et 

al. 1994). In some of the tissues (such as endometrial and adenohypophysis) the IHC staining 

demonstrated a diffuse and strong pattern that included both the cytoplasm and nuclear staining. 

This could be due to strong background or non-specific binding, since this protein has been 

demonstrated to be a cytoplasmatic protein in other species. However, the negative epitope 

control demonstrated no staining uptake. Regardless of the immunolocalization of this protein in 

some tissues, we were able to demonstrate for the first time that LNPEP is expressed in a variety 

of reproductive tissues in the horse via WB and LC-MS/MS. 

Tissue LNPEP likely plays an important role in the metabolism of oxytocin, as LNPEP is 

widely distributed in reproductive tissues. Oxytocinase activity has been demonstrated to be 

increased after oxytocin coupling with OXTR (Nakamura et al. 2000). The equine endometrium 

has been reported to produce oxytocin (Bae and Watson 2003), therefore local regulation of 

oxytocin of endometrial origin likely occurs through LNPEP concentrations. In our study, we 

were unable to immunolocalize or detect OXT by WB or LC-MS/MS.  The antibody utilized 

showed no cross reactivity with neurophysin 1. The lack of endometrial OXT could be related to 

the fact that the samples in this study were obtained during diestrus in the mares, and previous 

studies demonstrated a higher staining intensity during estrus (Bae and Watson 2003). 

Additionally, the quantity of OXT in those tissues may have been too small to be detected, or 

there may have been fast degradation of this protein during the protein extraction process which 
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may have prevented its detection. This is contrary to a previously published research study 

(Watson et al. 1999). The authors demonstrated oxytocin immunostaining in the small luteal 

cells of the midcycle CL in mares, which they suggest may represent oxytocin bound to 

receptors, as there was no immunostaining for neurophysin. We demonstrated the presence of 

OXT in the equine CL consistently by all the different molecular tools. This is supported by a 

study in our laboratory that OXT mRNA is expressed at low level in the horse luteal tissue 

(unpublished). These findings suggest that oxytocin in the equine CL may have a paracrine or 

autocrine role during luteolysis, contrary to the reports that the equine CL is not a source of 

oxytocin. Oxytocin was immunolocalized to the large luteal cells, which is in accordance with 

published studies in ovine luteal cells (Rodgers et al. 1983). Further research should be 

undertaken to determine the role of the equine luteal OXT in luteolysis.  

In an in vitro model using Ishikawa cells, a cell line derived from human endometrial 

adenocarcinoma cells, LNPEP secretion was decreased by progesterone treatment and this also 

increased the sensitivity of this cells to OXT, which then resulted in increased secretion of PGE2 

(Kotani et al. 2005), which is luteotrophic. In our research we report no effect of progesterone on 

serum LNPEP concentration; however, it is unknown if progesterone has an effect on LNPEP at 

the tissue level, and therefore promotes PGE2 secretion for luteal maintenance during early 

pregnancy. It is likely that LNPEP may tightly regulate OXT in luteal tissue and therefore further 

studies are required to understand the role of LNPEP and OXT on luteal regulation. 

 

4.5 Conclusion 
 

Oxytocinase is present in the mare in serum and a wide variety of tissues, with highest 

concentrations of LNPEP per gram present in the myometrium and placenta. The serum 

concentration of LNPEP did not vary in the first 21 days post ovulation between pregnant and 

nonpregnant mares and was not affected by progesterone concentrations. We concluded that 

placental LNPEP does not contribute to the circulating pool of LNPEP and is unlikely to be a 

useful biomarker for high-risk pregnancies in the mare. Oxytocinase is a main regulator of OXT 

concentrations in mares and acts systemically through serum LNPEP and locally through tissue 

LNPEPs. Tissues that produce or store OXT such as the neurohypophysis and corpus luteum 

have concentrations of both OXT and LNPEP, indicating that LNPEP has important regulatory 
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functions prior to and after OXT secretion. Furthermore, the equine luteal tissue is a source of 

OXT, albeit at low level which suggests having a paracrine or autocrine role during luteal 

regression. 
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Table 4.1. Identification of the leucyl-cystinyl aminopeptidase (LNPEP) by the liquid 
chromatography-tandem mass spectrometry (LC-MS/MS) of the 15 kDa bands of various 
tissues from the Coomassie blue gel  

Protein false discovery rate confidence (Protein FDR Conf) = High means FDR<0.01; number  (#) of peptides  = the number of 
distinct peptide sequences in the protein group; Number of peptide spectrum matches (#PSMs) = the total number of identified 
peptide sequences  for the protein; # Unique peptide = number of the peptide sequences unique to a protein group; Number of 
amino acids (#AA) = the sequence length of a protein; Molecular weight (MW[kDa]) = calculated molecular weight of the 
protein; Found in sample = high, peak found, or peak not found.  

Tissue Protein 
FDR 
Conf 

Accessi
on 

Description # Peptides # PSMs # Unique 
Peptides 

# AAs MW 
[kDa] 

Found in 
Sample 

Embryo High 1333575
043 

leucyl-cystinyl 
aminopeptidase 
isoform X2 [Equus 
caballus] 

12 14 12 1026 117.3 High 

Placenta High 1333575
043 

leucyl-cystinyl 
aminopeptidase 
isoform X2 [Equus 
caballus] 

10 10 10 1026 117.3 High 

Pituitary High 1333575
043 

leucyl-cystinyl 
aminopeptidase 
isoform X2 [Equus 
caballus] 

12 15 12 1026 117.3 High 

Combined 
15kDa bands 
from the 
Coomassie 
blue gel of: 
CL, 
endometrium, 
myometrium 

High 1333575
043 

leucyl-cystinyl 
aminopeptidase 
isoform X2 [Equus 
caballus] 

6 9 6 1026 117.3 High 
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Table 4.2. Identification of neurophysin-oxytocin (OXT) by the liquid chromatography-
tandem mass spectrometry (LC-MS/MS) from the 15 kDa bands of various tissues from the 
Coomassie blue gel  

Protein false discovery rate confidence (Protein FDR Conf) = High means FDR<0.01; number  (#) of peptides  = the number of 
distinct peptide sequences in the protein group; Number of peptide spectrum matches (#PSMs) = the total number of identified 
peptide sequences  for the protein; # Unique peptide = number of the peptide sequences unique to a protein group; Number of 
amino acids (#AA) = the sequence length of a protein; Molecular weight (MW[kDa]) = calculated molecular weight of the 
protein; Found in sample = high, peak found, or peak not found. 

Tissue Protein 
FDR 
Conf 

Accession Description # 
Peptides 

# 
PSMs 

# 
Unique 
Peptides 

# 
AAs 

MW 
[kDa] 

Found in 
Sample 

Corpus 
luteum 

High 1333604671 LOW QUALITY 
PROTEIN: oxytocin-
neurophysin 1 [Equus 
caballus] 

2 5 2 162 17.1 High 

Placenta High 1333604671 LOW QUALITY 
PROTEIN: oxytocin-
neurophysin 1 [Equus 
caballus] 

1 2 1 162 17.1 High 

Pituitary High 1333604671 LOW QUALITY 
PROTEIN: oxytocin-
neurophysin 1 [Equus 
caballus] 

5 90 4 162 17.1 High 

 
High 128070 RecName: 

Full=Oxytocin-
neurophysin 1; 
Short=OT-NPI; 
Contains: RecName: 
Full=Oxytocin; 
AltName: 
Full=Ocytocin; 
Contains: RecName: 
Full=Neurophysin 1; 
Flags: Precursor 

5 85 1 105 10.7 High 

  High 1333604673 oxytocin-neurophysin 
1 [Equus caballus] 

5 76 1 125 12.7 High 
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Figure 4.1. Mean (+ SD) serum progesterone (ng/ml) (upper panel) and oxytocinase (LNPEP) 
(U/L) (lower panel) in nonpregnant and pregnant mares from the day (D) of ovulation (D0) to 
D21. Differences (p<0.05) at the various time points between groups are indicated by stars.  
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Figure 4.2. Mean (+ SD) oxytocinase (LNPEP) (U/L) in mares’ pre-partum (around 320 days of 
gestation), 24 hours before foaling, within 20 min of foaling and 2 hours post-foaling. 
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Figure 4.3. Mean (+ SD) of oxytocinase (LNPEP) U/gr protein in: Panel A equine placenta 
Body, Nonpregnant horn (NPH) and Pregnant horn (PH); Panel B LNPEP (U/gr) in different 
tissues; and Panel C western blot of LNPEP (150 kDa) and GAPDH (37 kDa) of corresponding 
tissues. Significance differences (p<0.05) between tissues, and placental locations are indicated 
by different superscripted letters.  
 
 

 
Figure 4.4. Coomassie blue gel stained proteins separated in reduced SDS PAGE gel 
demonstrating before (A) the gel bands were excised (B) Image of the gel removed with the 
bands to be submitted for liquid chromatography-tandem mass spectrometry (LC-MS/MS) for 
LNPEP (150 kDa) and OXT (10-15 kDa).  
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Figure 4.5. Immunohistochemistry demonstrating positive staining of LNPEP in: (A) posterior 
hypophysis, (C) anterior hypophysis, (E) corpus luteum, (G) endometrium, (I) myometrium and 
(K) placenta. Negative epitope controls for each tissue (B, D, F, H, J and L).  
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Figure 4.6. RNAscope demonstrating expression of LNPEP (pink dots) in: (A) posterior 
hypophysis, (C) anterior hypophysis, (E) corpus luteum, (G) endometrium and (I) myometrium. 
Control DAB for each tissue (B, D, F, H and J).  
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Figure 4.7. Immunohistochemistry demonstrating positive staining of OXT in: (A) posterior 
hypophysis, (E) corpus luteum, and (K) weak staining of the placenta and negative staining 
uptake for OXT is shown in the (C) anterior hypophysis, (G) endometrium and (I) myometrium. 
Negative epitope controls for each tissue (B, D, F, H, J and L).  
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Figure 4.8. RNAscope demonstrating expression of OXT (pink dots) in: (A) posterior 
hypophysis and (C) corpus luteum and lack of expression in (E) endometrium and (F) 
myometrium. Control DAB for neurohypophysis (B) and corpus luteum (D).
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CHAPTER 5: ENDOMETRIAL, AND LUTEAL GENE EXPRESSION OF OXYTOCIN/ 
NEUROPHYSIN 1 AND OXYTOCINASE IN CARBETOCIN-TREATED, 
MECLOFENAMIC ACID-TREATED, OXYTOCIN-TREATED, DIESTRUS, 
PREGNANT AND ESTROUS MARES 
 

Chapter 4 demonstrated the tissue distribution of both oxytocin and oxytocinase, which is 

consistent with the expression of endometrial LNPEP and luteal OXT and LNPEP. The focus of 

Chapter 5 was to investigate presumed putative gene regulators of endometrial and luteal genes 

during critical periods of luteolysis and the maternal recognition of pregnancy. Therefore, a 

series of experiments were designed where mares were treated to induce changes in endometrial 

receptivity (meclofenamic acid), or to have luteostasis (oxytocin) or early luteolysis (carbetocin) 

and these were compared to samples obtained in estrus, diestrus and pregnancy. Luteal and 

endometrial biopsies were retrieved to analyse these and other genes. Additionally, we 

investigated the serum concentration of LNPEP in the mare groups to see if serum oxytocinase is 

affected by these treatments which may regulate circulating oxytocin during the critical period of 

MRP. 
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Abstract 

 

The oxytocin- and prostaglandin-related genes in endometrium and luteal tissues during expected 

time of luteolysis and maternal recognition of pregnancy warrant further studies in the horse. We 

hypothesized that oxytocin/neurophysin 1 (OXT) would be expressed in the luteal tissue and that 

serum (LNPEP) and tissue oxytocinase (LNPEP) would be increased at the critical periods of 

luteostasis to regulate OXT availability. The objectives were to examine changes in endometrial 

and luteal gene expression of OXT and LNPEP, two putative regulators of the equine maternal 

recognition of pregnancy in relationship to other genes. Groups were: Carbetocin (CARB), 

Meclofenamic acid (MFA), Oxytocin (OXY), Diestrus (DIEST), Pregnant (PREG) and Estrus 

(ESTR). Blood was obtained daily from day D12 to D15 for all groups besides ESTR. Luteal 

tissue was sampled on D12 and D15 and a single D15 endometrial biopsy was obtained. Real-

time RT-PCR (qPCR) was performed for the following genes: PGR, ESR1, OXTR, OXT, LNPEP, 

PTGS2, PTGFR, PLA2G2C, PTGES, SLC2A4, and SLC2A1. Regarding serum LNPEP, there 

was a significant difference among the groups (P-value<0.0001), with DIESTR mares having 

lower levels than PREG and OXY (P-value<0.001). Both LNPEP and OXT were expressed in 

endometrial and luteal tissue. Carbetocin treatment decreased serum progesterone and LNPEP 

and had direct effects on the endometrium by increasing PLA2G2C and decreasing PTGES; and 

on the luteal tissue by decreasing aromatase and PTGES. Treatment with MFA decreased 

endometrial PLA2G2C, and increased PTGES. Endometrial PTGES expression was higher in 

DIEST, PREG and OXY (p-value <0.04). The higher abundance of PTGES in pregnancy and 

during oxytocin-induced luteostasis supports a luteoprotective role for PGE.  

 

Keywords: Corpus luteum, endometrium, horse, luteolysis, pregnancy, oxytocin. 

 

5.1 Introduction 
 

Equine embryonic loss is reported to affect 17.3% of pregnancies detected at day 15 (Morris and 

Allen 2002). Therefore, understanding the events at the expected time of maternal recognition of 

pregnancy (MRP) or at the expected time of luteolysis is imperative to help reduce early 

embryonic mortality. 
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 In cycling ruminants, the prolonged exposure to progesterone in diestrus causes a 

downregulation of endometrial progesterone receptors (PGR), and this in turn causes 

upregulation of estrogen receptors (ESR1) which results, in one to two days later, in an 

upregulation of oxytocin receptors (OXTR) (Hixon and Flint 1987; Spencer and Bazer 1995; 

Gray et al. 2000). Follicular estrogen secretion results in binding of the ESR1 and the release of 

pulses of endometrial prostaglandin F2α (PGF2α). Endometrial PGF2α leads to the release of 

luteal oxytocin that further augments the effects of neurohypophyseal oxytocin pulses. Binding 

of endometrial OXTR by luteal and pituitary oxytocin results in a series of endometrial PGF2α 

pulses that cause luteolysis. In cows, luteal oxytocin production may affect the production of 

vasoactive substances, which leads to luteal cell death (Shirasuna et al. 2007).  

In pregnant ruminants, during the time of MRP, trophoblast derived interferon tau (IFNτ), 

downregulates ESR1 and OXTR (Spencer and Bazer 1996), blocking the luteolytic cascade, so 

luteal function is maintained for pregnancy support. The porcine MRP signal is not IFN and 

instead the conceptus produces estradiol-17β (Gardner et al. 1963). The ESR1 is upregulated 

during the MRP (day 12 and 13) in pregnant sow endometrium (Ross et al. 2010), which also is 

temporally associated with an elevated concentration of estradiol 17β (Geisert et al. 1982). 

Elevated estrogen results in the production of prostaglandin transporters, which reroute 

endometrial prostaglandin away from endocrine secretion into the uterine circulation to an 

exocrine secretion into the uterine lumen of the pregnant sow where it is metabolized and does 

not reach the corpus luteum (CL) (Bazer and Thatcher 1977; Bazer et al. 2010). Furthermore, 

PGF2α is converted to prostaglandin E2 (PGE2), which may alter the ratio of PGF:PGE and 

PGE may act in a luteotrophic manner to maintain the CL (Ziecik et al. 2011; Bazer and Johnson 

2014). In cycling sows, around the time of luteolysis there is an increase in both Prostaglandin-

Endoperoxide Synthase 1 (PTGS1) and Prostaglandin-Endoperoxide Synthase 2 (PTGS2) 

(Ashworth et al. 2006). In ruminants and pigs, oxytocin, estrogen or ESR-1, prostaglandin and 

prostaglandin synthases have an important role in MRP.  

 In the mare, no MRP factor has been identified and the role of oxytocin in MRP and 

luteolysis is unclear. Functional luteolysis in the mares occurs around 14 to 16 days post-

ovulation (Ginther 1998) and is associated with a rapid decrease in serum progesterone (da Costa 

et al. 2005). Luteolysis is reported to be mediated through the coupling of neurohypophyseal 

derived oxytocin with endometrial oxytocin receptors, which in turn causes pulsatile release of 
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endometrial PGF2α (Sharp et al. 1997; Ealy et al. 2010). Unlike ruminant luteal tissue, the 

equine luteal tissue does not seem to synthetize oxytocin, and the oxytocin involved in the equine 

luteolytic mechanism is believed to be mostly derived from the neurohypophysis and 

endometrium (Watson et al. 1999; Bae and Watson 2003). In addition, the utero-ovarian vein 

and ovarian artery are separated in the mare so the prostaglandin secreted by the endometrium 

has to reach the corpus luteum through the systemic pathway (Ginther 1976; McCracken et al. 

1999). Sharp and co-authors have shown that 3,14-dihydro-15-keto-PGF2α (PGFM), a 

prostaglandin metabolite, increases shortly after transcervical endometrial biopsies are procured 

in cycling mares, demonstrating the relationship of biopsy-procedure induced endogenous 

oxytocin release and consequently increased concentrations of PGFM (Sharp et al. 1997). Those 

finding were also corroborated by a later in vitro study, where equine endometrial explants were 

treated with oxytocin and a subsequent increase in PGF2α was detected after treatment (Ealy et 

al. 2010). Furthermore, when endometrial explants were treated with a cyclooxygenase inhibitor 

or with an oxytocin receptor antagonist, the secretion of prostaglandin by the endometrial 

explants was abolished (Penrod, Allen, Rhoads et al. 2013) suggesting that autocrine or paracrine 

mechanisms are present. A more recent study has demonstrated that endometrial prostaglandin 

also has an auto-amplification pathway, where the first release of endometrial PGF2α increases 

PTGS2 expression, and this in turn will stimulate more synthesis and release of PGF2α (Kozai et 

al. 2016). Additionally, other studies have also shown upregulation in diestrus and 

downregulation in pregnant mares of PTGS2, prostaglandin F synthase (PTGFS), prostaglandin 

E synthase (PTGES) and prostaglandin F receptor (PTGFR) at the expected time of luteolysis or 

MRP respectively (Boerboom et al. 2004; Ealy et al. 2010; Atli et al. 2010; de Ruijter-Villani et 

al. 2015). However, there is some disagreement in the literature, for example, as PTGES was not 

differentially expressed in nonpregnant and pregnant mare endometrium at D15 (Boerboom et al. 

2004). 

 Several studies have demonstrated differences in endometrial gene expression in cycling 

nonpregnant and pregnant mares. For example, ESR1 is reported to be upregulated in 

endometrial tissues of estrous mares, and downregulated in tissues of diestrus and pregnant 

mares (McDowell et al. 1999; Klein et al. 2010; Silva et al. 2014; de Ruijter-Villani et al. 2015; 

Klohonatz et al. 2015). Progesterone receptor mRNA expression is reported to be decreased in 

pregnant mare endometrium according to some studies (McDowell et al. 1999; Silva et al. 2014), 



	107	

and no difference is detected in others (Hartt et al. 2005; Klein et al. 2010). In general, oxytocin 

gene expression seems to be positively correlated with serum estradiol and negatively correlated 

with circulating progesterone concentration (Behrendt-Adam et al. 1999). Contrary to ruminants, 

OXTR is downregulated during estrus (Sharp et al. 1997; de Ruijter-Villani et al. 2015). No 

difference between pregnant and diestrus mare endometrium at D13.5 and D14 in OXTR was 

identified (Klein et al. 2010; de Ruijter-Villani et al. 2015), but there was increased 

immunoreactivity of OXTR around the expected time of luteolysis in nonpregnant mares (de 

Ruijter-Villani et al. 2015), suggesting that oxytocin’s effects may be regulated at the post-

transcriptional level (Klein et al. 2010; de Ruijter-Villani et al. 2015). 

 Interestingly, daily administration of exogenous oxytocin administered to mares at 

midluteal phase (D7 to D14 post ovulation) lengthens luteal function (Vanderwall et al. 2007), 

by downregulation of endometrial PTGS2 on D14 but no difference in OXTR, ESR1, PTGS1, 

PTGES and PGFR was noted (Keith et al. 2013). However, another recent study that has also 

looked at the gene and protein expression on mares that had oxytocin-induced luteal lifespan 

prolongation had different results; demonstrating that in endometrial tissue of oxytocin-treated 

mares PTGS2, ESR1, PTGES, PTGIS, PTGES, PGR and ESR2 decreased and OXTR increased in 

oxytocin-treated animals compared to controls (Rebordao et al. 2017). However, those authors 

sampled nonpregnant mares at D10 and oxytocin-treated mares at D24 of the cycle, which could 

explain the different results. Sarnecky and co-authors reported that a sustained release oxytocin 

product administered on days 7 and 12 resulted in luteal prolongation (Sarnecky et al. 2019). On 

the other hand, administration of carbetocin, a potent oxytocin analogue with a longer half-life, 

has an opposite effect to oxytocin and rather than causing luteal prolongation, carbetocin causes 

early luteolysis and low concentrations of circulating progesterone when the equivalent oxytocin 

dose is given to mares from Day 7 to 14 post ovulation (Bare et al. 2013). Carbetocin binds to 

oxytocin and vasopressin receptors, but it is highly selective for the OXTR compared to 

vasopressin V1a and V1b receptors (Passoni et al. 2016). However, its mechanism of action in 

causing early luteolysis in mares is unknown.  

Pharmacological attempts via prostaglandin synthase inhibitors, such as phenylbutazone, 

to prolong the luteal function and prevent luteolysis in mares failed (Archbald et al. 1983), and in 

a study using flunixin meglumine, another non-steroidal anti-inflammatory medication, it only 

extended luteal function by a day (Santos et al. 2013). Meclofenamic acid (MFA), another 
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prostaglandin synthesis inhibitor, increases the window of uterine embryonic receptivity by 

blocking luteolysis in camels (Skidmore et al. 1998), and reportedly interferes with binding of 

PGE to its receptor in women (Rees et al. 1988). However, when administered to embryo 

transfer recipient mares in mid luteal phase, it was reported to increase the window of 

endometrial receptivity for embryos but did not prevent naturally occurring luteolysis in mares 

not receiving embryos (Wilsher et al. 2010). The mechanism of action of meclofenamic acid in 

the context of lutelolysis in mares has not been fully elucidated. 

 Many studies have investigated temporal gene expression around the expected time of 

luteolysis and MRP in equine endometrium, however our knowledge regarding the role of 

endometrial and luteal OXT and LNPEP is incomplete. Some events related to luteolysis, such as 

angiogenesis and apoptotic events have been studied in luteal tissue that was classified as early, 

mid and late CL based on ovarian structures at time of slaughterhouse collection (Ferreira-Dias 

and Skarzynski 2008). Early and mid-cycle CL produce significant amount of PGE2, and early 

CL have higher expression of PTGS2 and PTGES, however, mid- and late- CL express higher 

concentration of PGFS (Lukasik et al. 2014). Furthermore, PGE2 promotes mRNA transcription 

of steroid acute regulatory protein (StAR), suggesting that PGE2 may have a luteotrophic role 

(Galvao et al. 2016). Slough and co-authors collected transvaginal luteal biopsies from mares 

every other day at the expected time of luteolysis and looked at the temporal gene expression of 

StAR, 3β-HSD, PTGS2 and Caspase-3, but no differences in PTGS2 or Caspase-3 were 

identified (Slough et al. 2011). Other vasoactive substances such as angiotensin, endothelin-1 

and PGF2a have been reported to be important in luteolysis in cows (Shirasuna et al. 2007) and 

may be factors in other species. In addition, serial transvaginal luteal biopsies have been 

previously demonstrated not to affect normal luteal lifespan or pregnancy in the horse (Diel de 

Amorim, Nairn et al. 2016) and in the sow (Bjorkman et al. 2017). 

 Oxytocin metabolism is largely extrahepatic, and its cleavage occurs in serum and at the 

tissue level by an aminopeptidase called oxytocinase (Nomura et al. 2005). Oxytocinase is 

ubiquitous to a variety of tissues in humans including the placenta, and it is also known as 

placenta leucine aminopeptidase (PLAP), or leucyl-aminopeptidase (LNPEP), and which is 

homologous to the rat insulin regulated aminopeptidase (IRAP) (Keller et al. 1995; Yamahara et 

al. 2000). Oxytocinase is co-localized in the intracellular vesicles of glucose transporter 4 

(GLUT4). Oxytocinase activity is increased by the binding of oxytocin to its receptor (Nakamura 
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et al. 2000). Ikenaga and co-authors have demonstrated that there is no difference in the 

oxytocinase concentrations between pregnant and diestrus mares (Ikenaga, Mizuta et al. 1993). 

However, maximal activity of oxytocinase was identified at D12 in the endometrial flush fluid of 

the nonpregnant mare compared to other days of the cycle (Zavy et al. 1979). Furthermore, a 

sheep study that used autoradiography demonstrated that oxytocinase patterns of expression 

seem to be co-distributed with OXTR and may act by regulating oxytocin at the tissue level 

(Mustafa et al. 2004). There are no studies in the mare investigating the concentrations of 

oxytocinase in serum (LNPEP), and the relative abundance of endometrial and luteal LNPEP 

during the expected time of luteolysis and MRP.  

 The effects of oxytocin, carbetocin, or meclofenamic on the expression of OXT and 

LNPEP in mares treated with these compounds have not been previously reported. Therefore, 

our objectives were: 1) characterize serum LNPEP at the proposed time of MRP; and 2) describe 

changes in OXT and LNPEP mRNA in endometrial tissue along with temporal changes in luteal 

tissue and 3) compare these changes to the expression of other important genes in estrus, 

diestrus, pregnant, meclofenamic acid, oxytocin, and carbetocin treated mares at the expected 

time of luteolysis or MRP. We hypothesized that serum LNPEP would be increased in pregnancy 

during the expected time of MRP to decrease the availability of oxytocin, and additionally that 

similarities in endometrial and luteal gene profiles of PREG and OXY would be identified.  

 

5.2 Materials and Methods 
 
5.2.1 Animals 
 

Light breed mares were used. The horses were fed hay, oats, water and had trace mineral 

supplementation to meet their nutritional requirements. All animal use was approved by the 

Ethical Committee of the University of Saskatchewan (UCACS protocol #2012004).  

 Fertile mares (n = 20) ranging in age from 2 to 23 years old, with a mean and standard 

deviation (+SD) age of 8.9 + 4.5 years were examined using transrectal palpation and ultrasound 

to determine if they displayed normal cyclicity and interestrous intervals prior to enrolment in 

the study. Daily reproductive ultrasound examinations were performed once estrus was detected 

(>30 mm with at least a grade 1 uterine edema, soft uterus and no corpus luteum present) until 

the day of ovulation (D0), and every other day until samples collections. Mares were randomly 
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assigned to groups: Diestrus (DIEST) (n=6), Estrus (ESTR) (n=6), Pregnant (PREG) (n=6), 

Oxytocin (OXY) (n=6), Carbetocin (CARB) (n=10), and Meclofenamic acid (MFA) (n=6). Not 

all mares were used for all the groups, and animals used for more than one group had an estrous 

cycle in between treatments. Mares that were assigned to the PREG group were bred by a single 

fertile stallion with > 200 million progressive motile normal spermatozoa every other day until 

ovulation was detected. Pregnancy was confirmed by transrectal ultrasound at D12 post-

ovulation. Mares in the OXY group were administered 60 IU of oxytocin (Oxyto-Sure™, 

Vètoquinol, Lavaltrie, QC, Canada), intramuscularly twice a day from D7-D14 to prolong luteal 

function, while mares in the CARB group were administered 1.19 mg of carbetocin (Tocris 

bioscience, Oakville, ON, Canada) intramuscularly once daily from D7-D14 to shorten luteal 

function. Mares in the MFA group received 1gram of meclofenamic acid (Chiron Pharmacy, 

Guelph, ON Canada) orally from D9-D15. DIEST and ESTR mares did not receive any sham 

treatment. All groups, besides ESTR, had jugular blood taken daily from D12 through D15 for 

serum progesterone (P4) and LNPEP measurement. Carbetocin-treated mares had blood 

collected at D7 and D12-15 (n=5); and the other remaining CARB mares (n=5) had blood 

collected at D7 and D10-D12. The serum was stored in two separate aliquots at -20°C until 

analysis. 

 

5.2.1.2 Luteal biopsies 
 

Transvaginal ultrasound guided luteal biopsy (TVLB) was performed as previously described 

(Diel de Amorim, Nairn et al. 2016). Carbetocin-treated mares had luteal biopsies obtained at 

D12 (n=5) and another subset of mares had luteal biopsy at D12 and D15 (n=5), all other groups 

except ESTR had luteal biopsies performed on D12 and D15. Briefly, an 18G or 14G single 

action spring-loaded biopsy needle (US Biopsy LLC, Franklin, Indiana, USA) was used for 

TVLB. The mares were placed in stocks and sedated with 20 mg acepromazine (Atravet, 

Boehringer Ingleheim, Burlington, Ontario, Canada), detomidine hydrochloride (0.01 – 0.02 

mg/kg IV) (Dormosedan, Zoetis, Madison, New Jersey, USA) and butorphanol tartrate (0.01 – 

0.02 mg/kg IV) (Torbugesic, Zoetis, Madison, New Jersey, USA) and administered hyoscine 

butylbromide (0.1 mg/kg IV) (Buscopan, Boehringer Ingelheim, Burlington, Ontario, Canada) to 

relax the rectum. The mares’ tail was wrapped, rectum emptied, and the perineum was 
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thoroughly washed. The probe was placed in the vagina and positioned at the vaginal fornix 

lateral to the cervix, ipsilateral to the target ovary and the ovary was manipulated so the probe 

was adjacent to the corpus luteum to be sampled. The biopsy needle was then inserted along a 

needle track into the ovary using a controlled stabbing motion and a core of luteal tissue 

captured. The biopsy needle was then withdrawn and taken to a sterile field for removal of the 

biopsy core. One to three core samples from the CL were retrieved and the samples were placed 

in a cryovial and snap frozen in liquid nitrogen. Notations were made describing the appearance 

of the luteal biopsy sample in terms of size and colour. Samples were stored in the -80°C until 

analysis. Rectal temperatures, appetite and demeanor of the mares were then monitored daily for 

3 days after TVLB. All groups besides ESTR mares had TVLB samples performed. 

 

5.2.1.3 Endometrial biopsy 
 

All mares had one endometrial biopsy performed. Estrous group mares had an endometrial 

biopsy performed when they were showing behavioral estrus (>35 mm follicle, with grade 2 

edema, and no presence of luteal tissue). Carbetocin-treated mares had a single endometrial 

biopsy taken at D12 (n=5) or D15 (n=5), after the last luteal sample was collected for that 

animal. All other groups had an endometrial biopsy performed at D15. Endometrial biopsy 

samples were divided, and one piece was place in a cryovial and snap frozen and stored in -80°C 

until analysis, and the other half was placed in 10% formalin for future studies. 

 

5.2.1.4 Serum progesterone and oxytocinase 
 

All serum samples were analysed for progesterone and LNPEP. Progesterone analysis was 

performed at the Endocrinology Laboratory at the Western College of Veterinary Medicine in a 

single radioimmunoassay (ImmuChem™ Coated Tube Progesterone 125 RIA Kit, ICN 

Pharmaceuticals, Costa Mesa, CA) validated for use with equine samples. Levels below 2 ng/mL 

were considered consistent with estrus. 

 The second aliquot of serum was used to measure the changes in circulating LNPEP 

levels using a commercially available ELISA kit for Horse LNPEP according to the 

manufacturer’s instructions (MyBioSource, San Diego, CA, USA) and which was validated for 

use in our laboratory using serial dilutions of pooled equine serum with an intra-assay and inter-
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assay CV <15%. The range of sensitivity of the assay was reported to be 6.25 – 200 U/L. The 

samples were run in duplicate. 

 

5.2.1.5 Endometrial RNA isolation 
 

RNA was extracted using TRIzol™ (Thermo Fisher Scientific, Ottawa, ON, Canada) reagent 

from endometrial tissue (30 mg), according to the manufacture’s procedural guidelines. Equal 

volumes of isopropyl alcohol and 1/10 volume of 3M sodium acetate pH 5.2 were added to the 

RNA for precipitation. The RNA pellet was washed with 75% ethanol and air-dried. Lastly, the 

RNA was suspended in water for RNA concentration determination via NanoDrop (Thermo 

Fisher Scientific, Ottawa, ON, Canada). Samples with 260/280 and 260/230 ratios close to 1.95 

and 2.0, respectively, were considered pure and used for the analyses. 

 

5.2.1.6 Luteal RNA isolation 
 

Total RNA was extracted using AllPrep® (Qiagen, Toronto, ON, Canada) reagent (TissueLyser 

LT, Qiagen, Toronto, ON, Canada) from luteal tissue cores, according to the manufacture’s 

procedural guidelines. Equal volume of 70% ethanol was mixed with the homogenate and 

transferred to a RNeasy spin column for 3-step buffer add-on solution and centrifugation 

according to manufacturer’s protocol. RNase-free water was added to the spin column as the 

final step to elute the RNA. Concentration of the RNA was assessed using a NanoDrop (Thermo 

Fisher Scientific, Ottawa, ON, Canada). Samples with 260/280 and 260/230 ratios close to 1.95 

and 2.0, respectively, were considered pure and used for the analyses. 

 

5.2.1.7 Real-Time RT-PCR (qPCR) 
 

Briefly, 200 ng of RNA sample was incubated with DNase I, Amplification Grade for 15 

minutes at room temperature, according to the manufacture’s protocol. Followed by the addition 

of 1μL of 25 mM EDTA solution to and heating the mix solution for 10 min at 65°C. The 

prepared sample was used for reverse transcription using a High Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Ottawa, ON, Canada), according to the 

manufacture’s user’s guide. All PCR reactions were performed in duplicate and no template and 
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no-RT controls were included.   

 The mRNA expression of the following transcripts was determined: estrogen receptor 1 

(ESR1), progesterone receptor (PGR), Solute Carrier Family 2 Member 1 (SLC2A1), solute 

carrier family 2 member 4 (SLC2A4), prostaglandin-endoperoxide synthase 2 (PTGS2), 

prostaglandin F receptor (PTGFR), prostaglandin E synthase (PTGES), phospholipase A2 group 

IIC (PLA2G2C) (for endometrial samples only), oxytocin receptor (OXTR), 

oxytocin/neurophysin I prepropeptide (OXT), leucyl and cystinyl aminopeptidase (LNPEP) and 

Aromatase (CYP19A1) (for luteal samples only). The primers for PGR, OXTR, PTGES and 

PTGS2 primers were produced from previously published reports (Boerboom et al. 2004; de 

Ruijter-Villani et al. 2015). All other primers for the selected transcripts above were designed 

with Primer-BLAST (National Center for Biotechnology Information) and they are displayed on 

Table 5.1. 

 For quantification of the relative expression of each gene, real-time PCR was performed 

using PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific), according to the 

manufacturer’s instructions as previously published (Bramer et al. 2017). Briefly, the reaction 

was prepared by mixing: 0.5 μL of cDNA (total volume of 10 μL per well), 5 μL of PowerUp™ 

SYBR™ Green Master Mix, 0.2 μL of 10 μM forward and reverse primers and 3.5 μL of ddH2O 

with the thermal cycling conditions as follow: one cycle for 10 min at 95°C, 40 cycles of 15 sec 

at 95°C, 1 min at 60°C, and generating of a melt curve. An automatic pipetting system used 

epMotion Automated Pipetting System (Eppendorf, Mississauga, ON, Canada) for all the 

reactions. A 10-fold dilution of pooled cDNA was used for primer PCR efficiency, which was 

defined as 90 to 100% PCR efficiency. Specificity of primers was evaluated by a single melting 

temperature and by performing a Sanger sequencing of each product to confirm the nucleotide 

sequence. The cycle number where the fluorescent signal intersected the threshold (Cq) was 

determined for each reaction replicate and then averaged. The averaged Cq of the Real-time PCR 

was normalized to housekeeping gene (GAPDH), by subtracting the Cq for GAPDH to obtain 

delta Cq. All CYP19A1 (aromatase) values with Cq between 12-24 were considered luteal tissue, 

and values with higher than 30 were considered ovarian stroma, and therefore excluded from the 

analysis. 
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5.2.1.8 Statistical analyses 
 

Data analysis was performed with JMP Pro 13.1(SAS Institute Inc. Cary, NC, USA). Histogram 

and Shapiro-Wilk test from the residuals was analyzed for normality, and data was ranked 

transformed when necessary. Serum P4 was analyzed with a mixed model (REML) with 

progesterone as a dependent variable and model including group, day and group*day interaction 

as main effects. Serum LNPEP was also analyzed in the same fashion, however serum P4 was 

added in the model as an effect and mare was added as a random factor. Endometrial delta Cq 

was analyzed by One-Way ANOVA with a post-hoc Tukey to compare the differences among 

the groups. Luteal delta Cq values were analyzed with Two-way ANOVA with group, day and 

their interaction as main effects, and post-hoc Tukey’s test. Multivariate Analysis was performed 

to look at correlations among genes in the groups and by day. Level of significance was set at 

p<0.05. Luteal data with no expression of aromatase (n=3) with a functional luteal tissue 

(progesterone > 2ng/ml) were excluded from the analysis. 

 

5.3 Results 
 
5.3.1 Serum progesterone  
 

There were significant differences among the groups (P-value < 0.0001) and days (P-value = 

0.007) in serum progesterone. Carbetocin-treated mares had significantly lower P4 (mean + SEM 

nmol/L) (4.32+1.02) compared to DIEST (8.60+0.82) (P-value < 0.0001), MFA (8.68+1.13) (P-

value < 0.0003), OXY (12.09+1.45) (P-value < 0.0001) and PREG (10.57+1.02) (P-value < 

0.0001) (Figure 5.1). In the CARB mares, the P4 decreased significantly from D7 (14.87+2.46) 

to D10 (3.41+1.52) (P-value = 0.04) and D11 (1.39+0.78) (P-value = 0.004) (data not shown).  

 

5.3.1.2 Serum oxytocinase 
	
Regarding serum LNPEP, there was a significance difference among the groups (P-

value<0.0001), but no difference among days (P-value=0.72). A mare effect (P-value 0.004) was 

identified, but there was no effect of P4 on LNPEP levels (P-value=0.98). Carbetocin-treated 

mares had significantly lower serum LNPEP (mean + SEM U/L) (21.89+1.70) compared to 

DIESTR (57.94+3.82) (P-value =0.001), OXY (77.18+4.14) (P-value <0.001) and PREG 
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(86.17+1.82) (P-value <0.001). Meclofenamic acid - treated mares had lower serum LNPEP 

(24.74+2.51) compared to DIESTR, PREG and OXY groups (P<0.001); and DIESTR mares had 

lower concentration of LNPEP compared to OXY and PREG (P<0.001). The serum 

concentration of P4 and LNPEP is depicted in Figure 5.1. 

 

5.3.1.3 Endometrial gene expression 
 

Figure 5.2 demonstrates the delta Cq of each endometrial gene by group and Table 5.2 shows the 

individual significant P-values of the group comparison. Both LNPEP and OXT were expressed 

in the endometrium. OXT had increased expression in ESTR endometrium compared to OXY 

and MFA (p-value < 0.02). The relative abundance of OXT and OXTR were similar in PREG, 

OXY, DIEST and MFA. The relative abundance of OXTR was significantly increased in PREG 

mare endometrium compared to ESTR and CARB (p-value < 0.05); and ESTR mares had 

significantly decreased relative abundance of endometrial OXTR compared to OXY and MFA 

treated mares (p-value < 0.03). Endometrial PTGES was significantly increased in OXY, DIEST 

and PREG when compared to the relative abundance in endometrial tissue of CARB and ESTR 

mares (p-value < 0.04). No difference was detected in the endometrial gene expression of ESR1, 

PTGS2, PTGFR and LNPEP between groups. 

Mares treated with MFA had significantly lower PGR mRNA relative abundance 

compared to ESTR and CARB (D12 and D15) (P-value < 0.01). Regarding PLA2G2C, MFA had 

significantly decreased expression compared to CARB (P-value < 0.04); and equally ESTR 

mares had decreased expression of PLA2G2C compared to CARB D12 (P-value < 0.04). The 

samples from DIEST mares had increased SLC2A4 compared to CARB (P-value < 0.02), and 

CARB D12 was also significantly decreased compared to MFA (P-value < 0.04). There was 

lower expression of SLC2A1 in CARB compared to PREG and MFA (P-value < 0.05). The 

ESTR and CARB groups had similar levels of expression for PGR, OXTR, OXT, PTGES, 

SLC2A4 and SLC2A1. 

  

5.3.1.4 Luteal gene expression 
 

Three samples (one from a D12 and D15 DIEST, and 1 from a D15 PREG) were excluded from 

the analysis due to low aromatase expression levels. The luteal gene expression of the different 
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groups in D12 and D15 is demonstrated in Figure 5.3 and Table 5.3 also shows each significant 

P-values of all the comparison of the groups and days. Briefly, no difference was identified in 

the gene expression of ESR1, SCL2A4 and PGR.  

The D12 MFA samples had significantly lower luteal OXTR compared to D12 PREG and 

CARB, and D15 MFA and DIEST (P-value < 0.03), and D15 MFA was significantly increased 

compared to D12 OXY and DIEST, and D15 CARB and PREG mares (P-value < 0.05). 

However, OXT was lower in D12 MFA compared to D15 MFA and CARB mares (P-value < 

0.04); and the only difference detected in the luteal LNPEP gene expression was a decrease in 

D15 CARB compared to D12 PREG (P-value = 0.04). 

 The prostaglandin related genes in luteal tissue among the groups had several significant 

differences, largely related to a decrease in relative abundance of PTGS2, PTGFR and PTGES in 

CARB treated mares. The DIEST, PREG and MFA animals had similar levels of expression of 

PTGS2 and PTGFR; however, D15 CARB had significantly lower expression in PTGS2 

compared to D12 DIEST and OXY (P-value < 0.05). All groups and days had significantly 

higher relative mRNA abundance of PTGFR compared to D12 CARB (P-value < 0.04). 

Furthermore, D15 CARB was also significantly different than all other groups and days, besides 

PREG D12 and MFA D15 (P-value < 0.004) for PTGFR. The OXY mares also had increased 

PTGFR in D12 luteal tissue compared to D12 PREG and D15 OXY and MFA (P-value < 0.05). 

Lastly, PTGES was similarly decreased in D12 and D15 CARB, D12 PREG and D15 OXY 

compared to all remaining groups and days (P-value < 0.006). The DIEST and PREG mares had 

similar luteal expression of SCL2A1; but D15 MFA has significantly higher mRNA relative 

abundance compared to D12 CARB and D12 OXY (P-value < 0.02). In OXY mares, D15 luteal 

tissue had higher expression of SLC2A1 compared to D12 (P-value < 0.03). The luteal tissue 

obtained from all CARB treated mares on D12 and D15 was noted to be white in colour 

compared to other groups, where the tissue was a brown yellow colour.  

 

5.3.1.5 Correlation of gene expression 
 

Significant correlations between endometrial and luteal gene expression are demonstrated in 

Supplementary Table 5.1.1 and 5.2.1; and the most significant results will be discussed. 
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5.4 Discussion  
 
5.4.1 General  
 

This is paper identified LNPEP and OXT mRNA in the equine luteal tissue, with emphasis on the 

specific time periods associated with luteolysis and maternal recognition of pregnancy. We 

accepted our hypothesis that LNPEP in serum would be increased in critical periods of 

luteostasis to decrease available oxytocin; however, no difference on the mRNA abundance of 

LNPEP was identified in endometrial and luteal tissue. The overall aim was to investigate the 

endometrial and luteal gene expression of OXT and LNPEP and characterize serum LNPEP 

during expected time of luteolysis or MRP in the mare. Further specific objectives were to unveil 

the mechanism of action of carbetocin and MFA. 

Maternal recognition of pregnancy in mares is believed to occur prior to Day 15 post-ovulation 

(Aurich and Budik 2015), as functional luteolysis occurs around this time (Ginther 1998), and is 

associated with a rapid decline in serum progesterone (da Costa et al. 2005). Therefore, we 

aimed to look at the serum LNPEP and gene expression from D12 to 15 post-ovulation.  

Aromatase (CYP19A1) is expressed in the equine corpus luteum, but not in the ovarian 

stroma (Mlodawska and Slomczynska 2010), therefore we included only samples with high 

expression of aromatase and concentrations of progesterone > 2ng/ml, and 3 samples were 

excluded from the analysis due to low CYP19A1 expression, demonstrating that our transvaginal 

biopsy technique was accurate in taking luteal samples for all but 3 animals.   

 

5.4.1.2 Serum progesterone 
 

The serum progesterone profiles of the mares in the PREG, MFA, OXY and DIESTR from Day 

12 through 15 were similar. Since we were interested in looking at the endometrial gene 

expression at around D15, and we obtained a biopsy on D15 the progesterone levels were not 

measured beyond that point, and therefore the progesterone profile of OXY group was similar to 

DIESTR. However, several researchers have demonstrated that at least 70% of mares will have 

prolong luteal function when treated with oxytocin in mid-diestrus (Stout et al. 1999; Vanderwall 

et al. 2007; Keith et al. 2013; Rebordao et al. 2017) 

In addition, MFA, which is a prostaglandin synthethase inhibitor, does not prolong the 
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luteal phase in the mare (Wilsher et al. 2010) but it is reported to interfere with binding of PGE 

(Rees and Lopez Bernal 1989). Carbetocin, which is a long acting oxytocin analogue, when 

given to mares in mid diestrus, induced an early luteolysis (Bare et al. 2013) similar to this study. 

We interpreted the data to indicate that our experimental models for lengthening or shortening 

the luteal phase were effective; therefore, a comparison of the luteal and endometrial gene 

expression in the seven groups of mares was undertaken.  

 

5.4.1.3 Oxytocinase (LNPEP) 
 

Considering the central role of oxytocin in luteal function in many species, a main goal of this 

study was to describe the role of LNPEP, the main enzyme that metabolizes and inactivates 

oxytocin. Our results indicate that serum LNPEP regulates the availability of systemic oxytocin, 

and serum LNPEP levels are elevated during luteal prolongation associated with pregnancy or 

mid-cycle oxytocin administration. This conclusion was reached based on OXY and PREG 

mares having significantly higher serum concentrations of LNPEP from D12 through 15 

compared to MFA and CARB treated mares. We propose that the role of serum LNPEP in 

metabolizing oxytocin was to prevent neurohypophyseal oxytocin from inducing endometrial 

PGF2α release. An earlier study did not find any difference in the LNPEP plasma levels in 

control and early pregnant mares (Ikenaga, Mizuta et al. 1993). However, those authors 

measured plasma LNPEP monthly with a less sensitive colorimetric test, and at different sample 

times (Ikenaga, Mizuta et al. 1993).  Shand and co-authors (1998) have demonstrated a rise in 

circulating prostaglandin metabolite (PGFM) following the increase in circulating oxytocin at the 

time of luteolysis (Shand et al. 2000). Furthermore, Sharp and co-authors have demonstrated that 

endometrial biopsy in mares elicits a rise in plasma oxytocin, which is followed by a rise in 

PGFM (Sharp et al. 1997). Additionally, the administration of oxytocin to mares in late diestrus 

causes an increase in plasma PGFM (Goff et al. 1987; Betteridge et al. 2010),  demonstrating the 

role of oxytocin in the luteolytic mechanism in the mare.  

At the endometrial tissue level, however there was no difference in the endometrial 

expression of LNPEP between the groups, however we only evaluated endometrial tissues on 

day 15. It is unknown if LNPEP is differentially expressed in other tissues or other days of the 

cycle in the horse to regulate the oxytocin available. There was a strong positive correlation 



	119	

between LNPEP and OXTR (r=0.9) (Supplementary Table 5.1.1) in PREG mares. In sheep, 

oxytocinase is reported to be co-distributed with oxytocin receptors (Mustafa et al. 2004), and 

oxytocinase activity increases after the coupling of oxytocin to oxytocin receptors (Nakamura et 

al. 2000). The authors suggested that oxytocinase may regulate oxytocin at the tissue level 

(Mustafa et al. 2004). In this study we did not investigate the tissue protein activity of the 

oxytocinase. No such studies have been carried out in mares to identify what role if any 

oxytocinase plays in the regulation of oxytocin at the tissue level. Additionally, there was no 

progesterone effect on the concentration of oxytocinase identified using our statistical model, 

and in other species, such as the sheep, expression of oxytocinase is inversely related to estrogen 

secretion in the myometrium (Mustafa et al. 2004). 

 

5.4.1.4 Oxytocin -Neurophysin   
 

Endometrial OXT and OXTR expression levels in PREG, DIEST, OXY and MFA mares were 

similar. However, our study found an increase in OXTR in PREG mares compared to ESTR and 

CARB, but no difference in OXT between those two groups was identified. Oxytocin is produced 

as a prepro-hormone. It has also been suggested that OXTR regulation occurs at the post-

transcriptional levels in the endometrium, since pregnant and nonpregnant mares had no 

difference in OXTR expression (Klein et al. 2010). 

Endometrial OXT were previously reported by others to increase in estrus (Behrendt-

Adam et al. 1999), while OXTR was reported to be decreased in estrus (de Ruijter-Villani et al. 

2015). These findings are also in agreement with our study.  Furthermore, there was a strong 

negative correlation between OXTR and OXT (r=-1) in ESTR; and negative correlations between 

OXTR and ESR1 were identified in CARB D15 (r=-0.9), ESTR (r=-0.8) and OXY (r=-0.9) mares 

(Supplementary Table 5.1.1), in agreement with the study of Behrendt-Adam and co-authors.  

The expression of OXT in the equine endometrium was very low in all the groups in this study 

indicating that it may not be a major factor for MRP or luteolysis, however further studies are 

warranted to understand the role of endometrial oxytocin during MRP events. 

Our data support the conclusion that the equine CL is likely not a substantial source of 

oxytocin (Watson et al. 1999), but both OXTR and OXT are expressed in the equine luteal tissue. 

Therefore we concluded that in mares, unlike ruminants, luteal oxytocin is probably not a main 
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contributor to endometrial prostaglandin secretion leading to luteolysis (McCracken et al. 1999). 

In OXY D15 mares there was a positive correlation between the relative abundance of luteal 

OXTR and OXT (r= 0.9) (Supplementary Table 5.2.1).  Further studies looking at the protein 

level of neurophysin-oxytocin in luteal tissue should be undertaken to determine if mares are 

physiologically more like sheep, where oxytocin has an autocrine and paracrine role during 

luteolysis by mediating prostaglandin release and also causing cell apoptotic events by increasing 

the intracellular calcium levels (Niswender et al. 2007). 

 

5.4.1.5 Meclofenamic acid 
 

MFA treated mares had dramatically decreased serum LNPEP and increased luteal OXTR and 

OXT on D15 compared to D12. Treatment with MFA resulted in a decrease in endometrial PGR 

expression like OXY, PREG and DIEST groups but different than CARB and ESTR. We 

demonstrated that MFA and PREG endometrium have decreased expression of PLA2G2C. 

Phospholipase A2 is a rate-limiting step in the production of prostaglandin as PLA2G2C releases 

arachidonic acid (AA) from the phospholipid membrane; therefore, the downregulation of 

PLA2G2C in PREG and MFA may be one of the mechanisms involved in limiting prostaglandin 

production by the endometrium. The equine endometrium produces PGE and has a number of 

PGE receptor subtypes (Rebordao et al. 2019). We demonstrated a significant increase (P-value 

< 0.02) in endometrial PTGES in MFA, DIEST, PREG and OXY mares. If MFA decreases 

binding of PGE to receptors in mares this may explain why MFA does not prolong luteal 

function, as previously demonstrated in women (Rees and Lopez Bernal 1989). In MFA and 

PREG mares there was a strong positive correlation between PTGES and OXTR (r = 0.9) 

(Supplementary Table 5.1.1).  

 

5.4.1.6 Carbetocin 
	
The CARB group mares had very low levels of serum LNPEP. The CARB group mares had the 

lowest levels of luteal aromatase at D12 and 15 (data not shown), which was predicted as 

treatment initiates luteal regression by day 11.  This finding explains why progesterone levels 

were low in the CARB group as would be expected in estrous mares as the capacity to synthesize 

steroids was reduced. Carbetocin may exert its effects on luteal tissue by altering luteal blood 



	121	

flow and by decreasing the expression of PTGES (Shirasuna et al. 2007). In general, CARB 

mares’ endometrial PGR gene expression was most similar to ESTR samples, for example the 

expression of PLA2G2C was not different between ESTR and CARB D15, which may be related 

to the fact that these mares already had undergone luteolysis and likely that PLA2G2C had 

changed from an upregulated state during the luteolytic phase to a downregulated state after 

luteolysis has taken place. The expression of PLA2G2C was positively (r= 0.9) and negatively (r 

= -1) correlated with PTGFR in CARB D12 and CARB D15, respectively (Supplementary Table 

5.1.1). This is consistent with early luteolysis as serum progesterone concentrations had started 

to decrease by Day 11. CARB D15 endometrial samples had decreased levels of LNPEP 

compared to D12 PREG. The ESR1 and OXTR in the luteal tissue were positively and negatively 

correlated in CARB D12 (r= 0.6) and CARB D15 (r = -0.9), respectively. Endometrial PTGES 

was decreased (p-value < 0.02) in CARB and ESTR samples compared to other groups. There 

was a strong negative and positive correlation of endometrial SLC2A1 with PTGFR (r = -1) and 

PTGES (r = 0.9) in D15 CARB mares, respectively (Supplementary Table 5.1.1), which may 

reflect changes in the glucose transporters of the endometrium on D15. Mares treated with 

carbetocin, had decreased luteal expression of PTGFR and PTGES compared to other groups. In 

CARB and DIEST D15 luteal tissues OXT was strongly negative correlated with PTGES (r= -

0.9) (Supplementary Table 5.2.1) suggesting a possible paracrine role for OXT.  The colour 

changed noted in the luteal biopsy specimens of CARB treated mares on D12 and D15 was 

interpreted to be consistent with a premature loss of blood supply associated with early 

luteolysis.  

 

5.4.1.7 Steroid receptors Estrogen receptor 1 and Progesterone receptor 
 

In horses, similar to ruminants and swine (Geisert et al. 1993; Spencer et al. 1995a) a pattern in 

endometrial gene expression occurs, where endometrial ESR1 and PGR increase during estrus. 

Towards the end of diestrus, the prolonged exposure to progesterone causes a downregulation of 

PGR expression, which lifts the progesterone block and increases the expression of ESR1 which 

is an essential component of the luteolytic mechanism (McDowell et al. 1999; Klein et al. 2010; 

Silva et al. 2014; de Ruijter-Villani et al. 2015). In our study, no significant difference in the 

ESR1 mRNA relative abundance was identified among our 7 groups, hence we conclude that 
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ESR1 was not the critical factor in equine MRP. Regarding PGR, other studies have corroborated 

our findings (McDowell et al. 1999; Klein et al. 2010; Silva et al. 2014; de Ruijter-Villani et al. 

2015) that there is no difference between PREG and DIEST mare endometrium. Our findings 

which were largely endometrial samples obtained on day 15 agreed with Keith and co-authors 

where oxytocin-treated mares sampled on Day 14 had no difference in expression of ESR1 

(Keith et al. 2013); but when those two groups were also compared with differing sampling days, 

a decrease in both PGR and ESR1 in the oxytocin group was noted at Day 24 in oxytocin-treated 

animals compared to Day 10 biopsies from the control groups (Rebordao et al. 2017). This 

suggests the prolonged exposure to progesterone from the extended luteal lifespan resulted in 

downregulation of the steroid hormone receptors in the day D24 biopsy samples.  

 

5.4.1.8 Oxytocin receptor 
 

In ruminants during physiologic cycles, increased OXTR expression is present on D14, soon after 

the increase in ESR1 expression (Spencer and Bazer 1995), which is key to the luteolytic 

process, and during MRP, ESR1 expression is blocked preventing the expression of OXTR 

(Spencer and Bazer 1996; Spencer and Hansen 2015). However, studies in the equine 

endometrium have shown similar levels of OXTR expression in pregnant and nonpregnant 

endometrium of mares before luteolysis (Klein et al. 2010; de Ruijter-Villani et al. 2015); and 

regulation is believed to occur at the post-transcriptional level as the OXTR protein level 

decreases in pregnant mares (Sharp et al. 1997; Starbuck et al. 1998; de Ruijter-Villani et al. 

2015). In addition, OXTR was not found to be different in oxytocin-treated animals compared to 

control counterparts on D14 and D15 of the cycle (Vanderwall et al. 2012; Keith et al. 2013) 

showing there was no downregulation of the OXTR, but OXTR levels are reported to be increased 

in D24 endometrial tissue (Rebordao et al. 2017). In our study, endometrial OXTR had similar 

levels in PREG, DIEST OXY and MFA mares, which support their findings.  

 

5.4.1.9 Endometrial Prostaglandin synthases and receptors 
 

Both the embryo and the endometrium express prostaglandins during pregnancy in ruminants, 

swine and also in the equine species (Stout and Allen 2002; Waclawik et al. 2009; Dorniak et al. 

2012; de Ruijter-Villani et al. 2015). Stout and Allen (2002) have demonstrated that uterine fluid 
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presumably from endometrial and or embryonic secretion, from pregnant mares had high levels 

of PGF2α during early pregnancy, then decreased to negligible amount around D14 to 16 of 

pregnancy and then higher concentrations could again be identified at D18 (Stout and Allen 

2002). Furthermore, the endometrial expression of PTGS2, PTGFR and PTGFS were found to be 

downregulated at D14 and 15 pregnant endometrium (Boerboom et al. 2004; Ealy et al. 2010; 

Atli et al. 2010; de Ruijter-Villani et al. 2015). Our study was limited to day 15 samples except 

in the CARB group and disagreed with their findings, as we did not identify a statistical 

difference in either PTGS2 or PTGFR among the groups; which may be associated with a lack of 

power due to the small group size and the multi-group comparisons.  

Prostaglandin E2 can be mediated through 4 receptors (PTGER1- 4); and in the equine 

PTGER2 was found to be increased at D14 and 15 pregnant endometrium (Atli et al. 2010). 

However, no difference in the endometrial expression of PTGER4 was identified between 

pregnant and nonpregnant mares (Atli et al. 2010). In addition, the published results regarding 

the PTGES differed where one study showed a decreased expression in pregnant mare 

endometrium at D14 (Atli et al. 2010), and one study reported no difference at D15 (Boerboom 

et al. 2004). Our study is in agreement with the latter where no difference on endometrial gene 

expression of PTGES was detected between DIEST and PREG mares.  

It is proposed in the swine that embryonic and endometrial prostaglandin secretion during 

MRP increases the ratio of PGE2 to PGF2α to favour luteal maintenance, and prostaglandin 

transporters may contribute to this process (Jang et al.; Waclawik et al. 2009). In mares, the 

prostaglandin transporter SLCO2A1 was demonstrated not to be different between pregnant and 

nonpregnant endometrium (de Ruijter-Villani et al. 2015); and thus further research is warranted. 

  

5.4.1.10 Glucose transporters 
	
Our study investigated the expression of the glucose transporters in the endometrium. Glucose 

transporter types 1 and 4 proteins are encoded by SLC2A1 and SLC2A4 genes. Under the 

stimulation of insulin, facilitated glucose transport occurs through vesicles that exocytose and 

fuse with the plasma membrane (Tsujimoto and Hattori 2005). There is a relationship between 

glucose transport and LNPEP also referred to as insulin responsive aminopeptidase, because 

LNPEP is transported in the GLUT-4 vesicles to the cell surface where LNPEP becomes 

incorporated in the surface membrane (Mastick et al. 1994). We have demonstrated that SLC2A1 
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is increased in PREG; and SLC2A4 was similarly increased in PREG, MFA, OXY and DIEST 

mares. Our study is in agreement with previously published studies in ovine and equine, where 

SLC2A1 is upregulated in pregnancy (Gao et al. 2009; Dorniak et al. 2012; Gibson et al. 2018). 

However, Gibson and co-authors have found that SLC2A4 was downregulated in pregnant mare 

endometrium and low levels of expression were also noted in the embryonic trophoblast (Gibson 

et al. 2018). In the ovine, endometrial SLC2A1 is regulated by prostaglandin (Dorniak et al. 

2012); but no studies on the regulation of glucose transporters by prostaglandin have been 

carried out in the horse.   

Bovine corpus luteum expresses GLUT 1, 3 and 4 (Nishimoto et al. 2006). Additionally, 

it is suggested that SLC2A1 has a role in the development of the bovine luteal tissue since its 

expression is increased in early bovine CL, and supplementation of early luteal cells with 

glucose increases mRNA abundance of SLC2A1, but not in more mature CL stages (Nishimura et 

al. 2017). This is the first study that has investigated the luteal expression of glucose transporters 

in mares. Luteal tissue has an extremely high metabolic demand and requires energy, which 

likely involves glucose transporters (Shirasuna et al. 2007). Even though, both GLUT 1 and 4 are 

expressed in the equine CL, no differences on SLC2A4 gene expression were identified among 

the groups or between samples collected on D12 and D15. However, luteal samples of D15 MFA 

and OXY mares had increased expression of SLC2A1 when compared to CARB and D12 OXY, 

respectively. It is likely that if early CL biopsies had been procured, more differences could have 

been identified in our study.  

 

5.4.1.11 Luteal prostaglandin synthases and receptors 
 

In the mare, the early and mid CL in vitro studies have been demonstrated to secrete significant 

amounts of PGE2. Furthermore, PTGS2 and PTGES expression is increased in early CL 

compared to mid- and late-CL (Ferreira-Dias and Skarzynski 2008). When mares were treated 

with saline or PGF2α  and luteal biopsies were performed, no difference in the PTGFR was 

identified between the groups, but a 2-3 fold increase in PTGS2 was identified in mares’ luteal 

biopsies after the exogenous treatment with PGF2α  (Beg et al. 2005). Furthermore, Galvão and 

co-authors have also demonstrated that both PTGS2 and PGFS (PGF2α synthase) are increased 

after stimulation of equine luteal cells with PGF2α in vitro (Galvao et al. 2016). In the present 
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study no significant group differences in luteal PTGS2 were identified, which was in agreement 

with Slough and co-authors (2011), which found no difference in the PTGS2 between D2, D5, 

D12 and D14 (Slough et al. 2011). The DIEST, PREG, OXY and MFA mares, in our study of 

D12 and D15 luteal tissue we found similar profile for PTGS2, PTGFR and PTGES, supporting 

the contention that PGE2 may have a luteotrophic function, and therefore an increased 

expression of PTGES was associated with mares that had not undergone luteolysis. 

 

5.5 Conclusion 
 

Both LNPEP and OXT were expressed in endometrial and luteal tissues. Low levels of OXT were 

identified in endometrium where its gene product after post-translational modification likely has 

a paracrine role modulated by LNPEP. Carbetocin - treatment of mares resulted in gene profiles 

similar to ESTR, indicating that carbetocin acts by decreasing the relative abundance of 

aromatase, PLA2G2C and PTGES in endometrial and luteal tissue. This combined with possible 

vasoactive effects on luteal tissue resulted in early luteolysis in carbetocin treated mares. There is 

a higher abundance of luteal PTGES in DIEST, PREG and OXY groups, which is consistent with 

increased secretion of endometrial, and embryonic PGE2 producing luteal maintenance. 

Administration of MFA acts to suppress endometrial PLA2GA2C and diminishes the capacity of 

endometrial tissue to produce prostaglandin, and in this study delayed gene expression compared 

to control DIEST mares. This study has demonstrated that in mare serum LNPEP is higher in 

PREG and OXY, which would intercept neurohypophyseal oxytocin, preventing the systemic 

release of high amounts of PGF2a. Luteal OXT is expressed at low levels and is not likely to be 

a key regulator of endometrial PGF2a secretion. Based on the comparison of PREG, DIEST and 

ESTR D15 endometrial and D12 and D15 luteal tissue samples with samples obtained following 

the administration of OXY, CARB, MFA we concluded that PGE2 is the most likely regulator of 

the MRP, and a pregnancy interferon playing a role similar to ruminants in the MRP is unlikely 

to be present in the mare.  
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Table 5.1. Genes, accession number, forward (5’ to 3’) and Reverse (5’ to 3’) primer sequences 
used for the Real-Time RT-PCR (qPCR) 

Symbol Accession number Forward (5' to 3')  Reverse (5' to 3')  

ESR1 NM_001081772.1 ACGATGCCACCAGACCATTT CATGTGAACCAGCTCCCTGT 
PGR XM_001498494.4 GTCAGTGGACAGATGCTGTA CGCCTTGATGAGCTCTCTAA 
OXTR XM_005600468.1 CATCGTGCTGGCCTTCATCGTGTG GGTAGCCGGAGGAGCAGCAGAGGA 
OXT  GATCCCTCCTGCGACCAC CTATGGAGGGGACGAAGGGT 
LNPEP XM_001503684.4  CCTCAGCTCTCGGAGTAGGA TGAAGCCGATCGTTGGTGAA 
PTGS2 NM_001081775.2  GTGACATTGATGCCATGGAG GAATGGTGCCCCAAGTTCTA 
PTGFR NM_001081806.1 CATAGGGCAGGTAGTTCTGCT GACCCCAGTTTTTGAAGGCAA 
PLA2G2C XM_023635594.1 TGTCCTAATCCAGCAAGGGAGCTT

CATTCCCGAGGAGACCAC 
GTGGTCTCCTCGGGAATGAAGCTCCC
TTGCTGGATTAGGACA 

PTGES NM_001081935.1 CCACCCCCTAGCCTCGCGAT GGCGAAAGCCTTCTTCCTCAGCC 
SLC2A4 NM_001081866.2 TTCCTCATTGGCGCCTACTC AATGACGATGGCCAGTTGGT 
SLC2A1 NM_001163971.1 TCGCAGTCGGAGTCTCAGGA GTTGTAGCCATACTGCAGGGA 
GAPDH NM_001163856.1 TTGTCAAGCTCATTTCCTGGTATG GTTAGGGGGTCAAGTTGGGAC 
CYP19A1 NM_001081805.3 TCCTCCCATCCCATTGTCCA GTACCCAGATATCGGCCTGG 

    
Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Phospholipase A2 group IIC (PLA2G2C), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 
(SLC2A4), Solute carrier family member 2A1 (SLC2A1), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Aromatase 
(CYP19A1).  
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Table 5.2. Significant differences in endometrial gene expression by Group and Day  

Gene  Groupsa   
Differenc
e Mean SEDb Lower CLc Upper CLc P-value 

 PGR   
MFA ESTR 2.53 0.59 0.67 4.39 0.003 
MFA CARB D12 2.40 0.62 0.45 4.35 0.008 
MFA CARB D15 2.26 0.62 0.32 4.21 0.01 

 OXTR  

ESTR PREG 2.96 0.54 1.25 4.66 0.0001 
CARB D12 PREG 2.69 0.57 0.90 4.48 0.0008 
ESTR OXY 1.94 0.54 0.23 3.65 0.02 
ESTR MFA 1.86 0.54 0.15 3.56 0.03 
CARB D15 PREG 1.79 0.57 0.00 3.58 0.05 

 OXT  OXY ESTR 5.81 1.66 0.52 11.09 0.02 
MFA ESTR 5.75 1.48 1.03 10.48 0.01 

 PLA2G2C   
MFA CARB D12 3.30 0.94 0.36 6.24 0.02 
ESTR CARB D12 3.06 0.94 0.12 6.00 0.04 
MFA CARB D15 3.03 0.94 0.09 5.97 0.04 

 PTGES  

ESTR PREG 25.67 4.22 12.43 38.91 0.0001 
CARB D15 PREG 25.00 4.43 11.11 38.89 0.0001 
CARB D12 PREG 22.60 4.43 8.71 36.49 0.0003 
ESTR DIEST 18.33 4.22 5.09 31.57 0.002 
CARB D15 DIEST 17.67 4.43 3.78 31.55 0.006 
ESTR OXY 17.33 4.22 4.09 30.57 0.004 
CARB D15 OXY 16.67 4.43 2.78 30.55 0.01 
ESTR MFA 16.67 4.22 3.43 29.91 0.006 
CARB D15 MFA 16.00 4.43 2.11 29.89 0.02 
CARB D12 DIEST 15.27 4.43 1.38 29.15 0.02 
CARB D12 OXY 14.27 4.43 0.38 28.15 0.04 

 SLC2A4  
CARB D12 DIEST 20.83 5.62 3.21 38.46 0.01 
CARB D15 DIEST 19.63 5.62 2.01 37.26 0.02 
CARB D12 MFA 18.00 5.62 0.38 35.62 0.04 

 SLC2A1  

CARB D12 PREG 26.93 5.12 10.87 43.00 0.0002 
CARB D15 PREG 22.53 5.12 6.47 38.60 0.002 
CARB D12 MFA 20.27 5.12 4.20 36.33 0.006 
DIEST PREG 19.50 4.88 4.18 34.82 0.006 
OXY PREG 18.33 4.88 3.02 33.65 0.01 
CARB D15 MFA 15.87 5.12 -0.20 31.93 0.05 

Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide (OXT), Phospholipase A2 group 
IIC (PLA2G2C), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 (SLC2A4), Solute carrier family member 
2A1 (SLC2A1);  
a carbetocin (CARB), oxytocin (OXY), meclofenamic acid (MFA), pregnant (PREG); bstandard error of the difference (SED); 
cconfidence limit (CL).  
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Table 5.3. Comparisons in luteal gene expression by Group and Day  
Gene Day, Groupsa Difference SEDb Lower CLc Upper CLc P-value 

OXTR 

MFA D12 MFA D15 44.33 7.84 18.38 70.29 0.0001 
MFA D12 PREG D12 41.87 8.22 14.64 69.09 0.0002 
OXY D12 MFA D15 28.83 7.84 2.88 54.79 0.02 
MFA D12 DIEST D15 27.67 7.84 1.71 53.62 0.03 

DIEST D12 MFA D15 27.27 8.22 0.04 54.49 0.05 
CARB D15 MFA D15 27.07 8.22 -0.16 54.29 0.05 
PREG D15 MFA D15 27.07 8.22 -0.16 54.29 0.05 
MFA D12 CARB D15 26.37 7.01 3.15 49.58 0.01 

OXT MFA D12 CARB D15 28.87 8.13 1.71 56.02 0.03 
MFA D12 MFA D15 26.83 7.75 0.94 52.72 0.04 

LNPEP CARB D15 PREG D12 1.87 0.55 0.06 3.68 0.04 

PTGS2 CARB D15 DIEST D12 34.57 10.21 0.78 68.35 0.04 
CARB D15 OXY D12 33.90 10.21 0.12 67.68 0.05 

PTGFR 

CARB D15 OXY D12 45.47 6.87 22.76 68.17 0.0001 
CARB D12 OXY D12 45.17 5.86 25.81 64.53 0.0001 
CARB D15 PREG D15 35.00 7.18 11.29 58.71 0.0004 
CARB D12 PREG D15 34.70 6.21 14.16 55.24 0.0001 
CARB D15 DIEST D12 33.66 6.64 11.70 55.61 0.0002 
CARB D12 DIEST D12 33.36 5.59 14.88 51.83 0.0001 
CARB D15 DIEST D15 31.47 6.87 8.76 54.17 0.001 
CARB D12 DIEST D15 31.17 5.86 11.81 50.53 0.0001 
CARB D15 MFA D12 30.97 6.87 8.26 53.67 0.001 
CARB D12 MFA D12 30.67 5.86 11.31 50.03 0.0001 
MFA D15 OXY D12 24.00 6.55 2.35 45.65 0.02 

CARB D15 OXY D15 23.30 6.87 0.60 46.00 0.04 
CARB D12 OXY D15 23.00 5.86 3.64 42.36 0.01 
CARB D12 PREG D12 22.70 6.21 2.16 43.24 0.02 
PREG D12 OXY D12 22.47 6.87 -0.24 45.17 0.05 
OXY D15 OXY D12 22.17 6.55 0.52 43.81 0.04 

CARB D15 MFA D15 21.17 5.86 1.81 40.53 0.02 

PTGES 

CARB D15 OXY D12 40.27 7.21 16.45 64.08 0.0001 
CARB D15 PREG D15 39.00 7.53 14.13 63.87 0.0001 
CARB D12 OXY D12 38.17 6.15 17.86 58.48 0.0001 
CARB D12 PREG D15 36.90 6.52 15.36 58.44 0.0001 
CARB D15 DIEST D12 36.31 6.97 13.29 59.34 0.0001 
CARB D12 DIEST D12 34.21 5.87 14.83 53.60 0.0001 
CARB D15 DIEST D15 33.43 7.21 9.62 57.25 0.001 
CARB D12 DIEST D15 31.33 6.15 11.02 51.64 0.0002 
CARB D15 MFA D15 29.93 7.21 6.12 53.75 0.004 
CARB D15 MFA D12 29.27 7.21 5.45 53.08 0.006 
CARB D12 MFA D15 27.83 6.15 7.52 48.14 0.001 
CARB D12 MFA D12 27.17 6.15 6.86 47.48 0.002 

SLC2A1 

OXY D12 MFA D15 36.03 7.14 12.19 59.87 0.0004 
CARB D12 MFA D15 32.67 6.81 9.94 55.40 0.0008 
CARB D15 MFA D15 26.83 7.14 2.99 50.67 0.02 
OXY D12 OXY D15 24.87 7.14 1.03 48.71 0.03 

Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide (OXT), and Leucyl and cystinyl aminopeptidase (LNPEP), 
Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor (PTGFR), Prostaglandin E synthase (PTGES), Solute 
carrier family member 2A1 (SLC2A1); 
acarbetocin (CARB), oxytocin (OXY), meclofenamic acid (MFA), pregnant (PREG); bstandard error of the difference (SED); 
cconfidence limit (CL).  
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Figure 5.1. Mean (+ SEM) serum progesterone (P4) (ng/ml) and oxytocinase (LNPEP) (U/L) in 
carbetocin-treated (CARB), meclofenamic acid-treated (MFA), oxytocin-treated (OXY), diestrus 
(DIEST), and pregnant (PREG) mares. Carbetocin-treated mares had significantly lower P4 
compared to all other groups (p-value < 0.0001), and CARB and MFA had significantly lower 
LNPEP compared to OXY, DIEST and PREG (p-value <0.001). 
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Figure 5.2. Endometrial relative mRNA abundance of ESR1, PGR, OXTR, OXT, LNPEP, 
PTGS2, PTGFR, PLA2G2C, PTGES, SLC2A4, SLC2A1, in: carbetocin-treated at D12 (CARB 
12), carbetocin-treated at D15 (CARB D15), meclofenamic acid-treated (MFA), oxytocin-treated 
(OXY), nonpregnant diestrus (DIEST), pregnant mares (PREG), and estrus (ESTR) groups. 
Delta Cq concentration have an inverse relationship to mRNA abundance. Significant (p<0.05) 
differences are indicated by the different superscripted letters.  
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Figure 5.3. Corpus luteum relative mRNA abundance of ESR1, PGR, OXTR, OXT, LNPEP, 
PTGS2, PTGFR, PTGES, SLC2A4, SLC2A1 in: carbetocin-treated at day (D)12 (CARB D12), 
carbetocin-treated at D15 (CARB D15), meclofenamic acid-treated (MFA), oxytocin-treated 
(OXY), nonpregnant diestrus (DIEST), pregnant mares (PREG), and estrus (ESTR) groups. 
Delta Cq concentration have an inverse relationship to mRNA abundance. Significance 
differences (p<0.05) are indicated by different superscripted letters.  
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Table 5.1.1. Correlations between endometrial genes in: carbetocin-treated at Day (D)12 (CARB 
D12), carbetocin-treated at D15 (CARB D15), meclofenamic acid-treated (MFA) D15, oxytocin-
treated (OXY) D15, nonpregnant diestrus (DIEST) D15, pregnant mares (PREG) D15, and estrus 
(ESTR) groups. Delta Cq concentration have an inverse relationship to mRNA abundance.  

Groups Variable by Variable Correlation Count Lowera 
95% 

Uppera 
95% 

P-value 

CARB  
D12 

PLA2GA2C PTGFR 0.88 5 0.01 0.99 0.05 
LNPEP PGR -0.90 5 -0.99 -0.07 0.04 

CARB  
D15 

PTGFR SLC2A1 -0.97 5 -1.00 -0.56 0.008 
PLA2GA2C SLC2A1 0.98 5 0.73 1.00 0.003 
PLA2GA2C PTGFR -0.99 5 -1.00 -0.84 0.001 
 PTGES ESR1 -0.91 5 -0.99 -0.17 0.03 
PTGES SLC2A1 0.90 5 0.06 0.99 0.04 
PTGES PLA2GA2C 0.89 5 0.02 0.99 0.04 
OXTR ESR1 -0.94 5 -1.00 -0.37 0.02 

MFA 
D15 

PLA2GA2C ESR1 0.96 6 0.65 1.00 0.003 
PGR SLC2A1 -0.94 6 -0.99 -0.57 0.004 
OXTR PTGES 0.96 6 0.68 1.00 0.002 

  OXT PTGFR -0.91 6 -0.99 -0.36 0.01 

OXY 
D15 

PTGFR SLC2A4 0.85 6 0.12 0.98 0.03 
PTGFR SLC2A1 0.87 6 0.18 0.99 0.03 
PTGES ESR1 -0.86 6 -0.98 -0.18 0.03 
OXTR PTGES -0.92 6 -0.99 -0.40 0.01 
OXT SLC2A4 0.99 4 0.47 1.00 0.01 
OXT PTGFR 0.97 4 0.11 1.00 0.03 

DIEST 
D15 

PTGES PGR -0.85 6 -0.98 -0.12 0.03 
OXT PGR 1.00 3 -1.00 . 0.001 

PREG 
D15 

SLC2A4 ESR1 0.90 6 0.33 0.99 0.01 
PTGFR SLC2A4 0.94 6 0.53 0.99 0.006 
PGR ESR1 0.86 6 0.16 0.98 0.03 
PGR SLC2A4 0.85 6 0.13 0.98 0.03 
OXTR PGR 0.92 6 0.44 0.99 0.01 
OXTR PTGES 0.89 6 0.29 0.99 0.02 
LNPEP PGR 0.95 6 0.58 0.99 0.004 
LNPEP PTGES 0.88 6 0.24 0.99 0.02 
LNPEP OXTR 0.99 6 0.90 1.00 0.0002 

ESTR 

PLA2GA2C SLC2A4 -0.91 6 -0.99 -0.38 0.01 
PGR ESR1 0.95 6 0.63 1.00 0.003 
PGR PTGFR 0.89 6 0.30 0.99 0.02 
OXTR ESR1 -0.86 6 -0.98 -0.17 0.03 
OXTR PTGFR -0.82 6 -0.98 -0.01 0.05 
OXTR PGR -0.94 6 -0.99 -0.55 0.005 

OXT ESR1 0.90 6 0.31 0.99 0.02 
OXT PGR 0.94 6 0.55 0.99 0.005 
OXT OXTR -0.97 6 -1.00 -0.78 0.001 
LNPEP SLC2A4 0.85 6 0.12 0.98 0.03 
LNPEP SLC2A1 0.88 6 0.22 0.99 0.02 

aconfidence interval 
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Table 5.2.1. Correlations between luteal genes in: carbetocin-treated Day (D)12 (CARB D12), 
carbetocin-treated at D15 (CARB D15), meclofenamic acid-treated (MFA) D15, oxytocin-
treated (OXY) D15, nonpregnant diestrus (DIEST) D15, pregnant mares (PREG) D15, and estrus 
(ESTR) groups.  
 

Groups Variable by Variable Correlation Count 
Lowera 
95% 

Uppera 
95% P-value 

CARB  
D12 

PGR ESR1 0.64 10 0.01 0.90 0.05 
PGR PTGS2 -0.69 10 -0.92 -0.10 0.03 
PGR PTGS2 -0.69 10 -0.92 -0.10 0.03 
PTGES SLC2A4 0.84 10 0.44 0.96 0.002 
PTGES PTGFR 0.63 10 0.01 0.90 0.05 
OXTR ESR1 0.63 10 0.00 0.90 0.05 
OXT PTGS2 0.71 8 0.01 0.94 0.05 
OXT PTGFR 0.88 8 0.47 0.98 0.004 
LNPEP PTGFR 0.86 10 0.51 0.97 0.001 
LNPEP PTGES 0.65 10 0.04 0.91 0.04 

CARB  
D15 

PGR ESR1 0.90 5 0.09 0.99 0.04 
OXTR ESR1 -0.89 5 -0.99 -0.04 0.04 
OXT PTGES -0.92 5 -0.99 -0.17 0.03 

MFA  
D12 

SLC2A4 ESR1 0.94 6 0.57 0.99 0.005 
SLC2A1 ESR1 0.87 6 0.21 0.99 0.02 
SLC2A1 SLC2A4 0.93 6 0.49 0.99 0.01 
PGR PTGFR -0.87 6 -0.99 -0.21 0.02 
OXTR PTGS2 -0.89 6 -0.99 -0.28 0.02 
LNPEP ESR1 0.92 6 0.42 0.99 0.01 
LNPEP SLC2A4 0.93 6 0.46 0.99 0.01 
LNPEP SLC2A1 0.90 6 0.31 0.99 0.02 

MFA  
D15 

SLC2A4 ESR1 0.83 6 0.05 0.98 0.04 
PTGS2 SLC2A4 0.88 6 0.25 0.99 0.02 
PTGES SLC2A4 0.88 6 0.25 0.99 0.02 
PTGES PTGS2 0.90 6 0.34 0.99 0.01 
OXT SLC2A1 0.93 6 0.46 0.99 0.01 

OXY  
D12 

OXTR PGR 0.90 6 0.31 0.99 0.02 
OXT PGR -0.87 6 -0.99 -0.21 0.02 

OXY  
D15 

SLC2A1 ESR1 0.95 6 0.61 0.99 0.004 
SLC2A1 SLC2A4 -0.81 6 -0.98 0.00 0.05 
OXT OXTR 0.97 6 0.76 1.00 0.001 
LNPEP SLC2A1 0.86 6 0.16 0.98 0.03 

DIEST 
D12 

SLC2A4 ESR1 0.78 7 0.08 0.97 0.04 
PTGFR ESR1 -0.79 7 -0.97 -0.08 0.04 
PTGES ESR1 -0.76 7 -0.96 -0.01 0.05 
PTGES PTGFR 0.89 7 0.41 0.98 0.01 
OXT SLC2A1 -1.00 3 -1.00 . 0.03 

DIEST PTGS2 SLC2A4 0.89 6 0.30 0.99 0.02 
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D15 PTGFR ESR1 -0.85 6 -0.98 -0.14 0.03 
PTGES PTGS2 -0.86 6 -0.98 -0.15 0.03 
OXT PTGS2 1.00 3 -1.00 . 0.02 
OXT PTGES -1.00 3 -1.00 . 0.03 
LNPEP SLC2A4 0.88 6 0.23 0.99 0.02 
LNPEP PGR 0.95 6 0.58 0.99 0.004 
LNPEP PTGES -0.84 6 -0.98 -0.09 0.04 

PREG  
D12 

PTGES ESR1 -0.94 5 -1.00 -0.37 0.02 
PTGES SLC2A4 -0.94 5 -1.00 -0.37 0.02 
LNPEP ESR1 0.92 5 0.19 0.99 0.03 
LNPEP PTGS2 0.94 5 0.33 1.00 0.02 

PREG  
D15 

PGR ESR1 0.98 5 0.69 1.00 0.004 
OXTR SLC2A4 0.87 5 -0.04 0.99 0.05 
OXTR PGR 0.89 5 0.02 0.99 0.04 
LNPEP PTGES 0.89 5 0.03 0.99 0.04 

aconfidence interval 
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CHAPTER 6: ENDOMETRIAL AND LUTEAL GENE EXPRESSION IN PREGNANT 
AND NONPREGNANT MARES FROM DAYS 8 TO 15 POST-OVULATION 
 

The experiment outlined in Chapter 6 was designed to evaluate the putative gene regulators of 

luteolysis and MRP of Chapter 5, but in the context of different days of pregnancy to identify 

differential expression during Day 8 to D15 of pregnancy compared to nonpregnant mares. In 

Chapter 5, the relative abundance PTGES was increased in luteal tissue of mares that had not 

undergone luteolysis and was further examined in Chapter 6 where is was noted that Pregnant 

and Diestrus mares had increased luteal and endometrial PTGES, suggesting a potential 

luteotrophic role of PGE to maintain luteal function during pregnancy. 
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Abstract 

Studies of equine endometrial and luteal gene expression are warranted to advance our 

knowledge about the maternal recognition of pregnancy (MRP). We rejected the hypothesis that 

the relative abundance of LNPEP would be increased in early pregnancy to regulate the oxytocin 

levels in the CL and endometrium to support luteal maintenance as levels were increase in D12 

of DIEST compared to D15 DIEST and PREG; however, we accepted the hypothesis that both 

luteal and endometrial PTGES would be upregulated at critical period of MRP for luteal support. 
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Our objectives were to examine the expression of putative gene regulators of MRP using qPCR. 

Luteal tissue and a single endometrial biopsy was obtained on Day (D)8, D10, D12 and D15. 

Differences in endometrial gene expression occurred at D12, and genes upregulated were: 

SLC2A4, SLC2A1, PTGES, OXTR and LNPEP. Additionally, PTGFR and PLA2G2C were 

downregulated in endometrial tissue of pregnant (PREG) D15 compared to D10 mares. PREG 

mares had increased expression of OXT and OXTR on D10 and 15, respectively. Diestrus 

(DIEST) mares had increased expression of PTGES and LNPEP at D12. Regarding luteal mRNA 

abundance, ESR1, PTGS2, PTGFR, and PTGES were increased in D12 luteal tissue of DIEST 

and PREG. There was higher expression of SLC2A1 in PREG CL compared to DIEST mares. 

Luteal expression of OXTR and OXT were increased in D15 compared to D8, and regarding 

LNPEP higher levels of expression were present at D10 and 12. Endometrial and luteal PTGES 

have an increased mRNA abundance in both DIEST and PREG mares. The additional secretion 

of PGE by the embryo may shift the PGE/PGF ratio initiating luteoprotection, as embryonic PGE 

prostaglandin secretion is abundant in early pregnancy.  

 

Keywords: Corpus luteum, endometrium, equine, oxytocin, oxytocinase, pregnancy. 

 

6.1 Introduction 
 

The maternal recognition of pregnancy (MRP) has been extensively studied in ruminants, swine 

and equine species, and the embryonic factor and molecular pathways responsible for the MRP 

have been identified in both ruminants and swine but not in horses (Gardner et al. 1963; Moor et 

al. 1969; Bazer et al. 1998). Understanding the endometrial and luteal events around the 

expected time of MRP in mares is imperative to identifying strategies to reduce early embryonic 

death, which affects 17.3% of pregnancies detected at 15 days of post-ovulation (Morris and 

Allen 2002), and may provide insights into other means of population control in horses. 

 In ruminants, the prolonged endometrial exposure to progesterone in diestrus, causes 

downregulation of progesterone receptor (PGR) in the luminal epithelium (LE) and superficial 

glandular epithelium (sGE), which allows for estrogen receptor 1 (ESR1) upregulation and 

increase in oxytocin receptor (OXTR) expression on D12-13 and D14, respectively (Geisert et al. 

1993; Spencer and Bazer 1995, 2004). Pulses of prostaglandin F (PGF) release luteal oxytocin 
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that binds to endometrial OXTR and triggers the cascade of events leading to luteolysis in 

ruminants. Ruminant embryonic MRP factor, interferon tau (IFNT), is secreted by the 

trophectoderm and binds to the IFN type I receptors (IFNTAR) on LE and sGE. The binding of 

IFNT to IFNTAR intercepts the increase in ESR1, which in turn will prevents the expression of 

OXTR, interrupting the events that lead to luteolysis (Spencer and Bazer 1996; Spencer and 

Hansen 2015). In pregnant sheep endometrium, IFNT does not affect the expression of 

prostaglandin endoperoxide-synthase 2 (PTGS2), a rate limiting step on the production of 

prostaglandin, and additionally, pregnant sheep have more prostaglandin F2α (PGF2α) in the 

endometrium than cycling ewes (Charpigny et al. 1997) indicating that the MRP pathway does 

not rely on down regulation of PTGS2. In cattle, IFTN causes an upregulation of PTGS2 (Arosh 

et al. 2004), and also acts on the endometrium to increase prostaglandin E2 (PGE2) secretion 

(Krishnaswamy et al. 2009).  

 The embryonic MRP factor in the pig is estrogen (Gardner et al. 1963), which is secreted 

in a biphasic manner with the first phase at Day 11 coinciding with rapid elongation of the 

trophoblast, a required process for MRP, and the second phase is at 15 to 18 days, coinciding 

with the attachment of the trophoblast to the endometrium (Geisert et al. 1987). Downregulation 

of progesterone receptor isoform A (PGRA) occurs after Day 10 in both diestrus and pregnant 

gilts in the LE and GE (Spencer and Bazer 2004), resulting in an upregulation of ESR1 in the 

uterine LE and GE occurs (Geisert et al. 1993). Embryonic secretion of estrogen by porcine 

embryos results in the transport of prostaglandin into the uterine lumen, where it is metabolized 

into its inactive form, and away from the uterine venous drainage (Ziecik et al. 2011). 

Embryonic estrogen has luteotrophic functions, and additionally increases the vascular 

permeability and blood flow to the uterus (Ford et al. 1982; Conley and Ford 1989; Keys and 

King 1995). Trophoblastic estrogens along with Interleukin 1B (IL1B2) increase the production 

of prostaglandin by the stimulating endometrial prostaglandin E synthase (PTGES) 1 (PTGES1) 

and PTGES2, respectively (Franczak et al. 2010). The effect is to change the ratio of PGE2 to 

PGF2α to allow for luteal maintenance in pregnancy (Waclawik et al. 2009).  

 Like ruminant and swine embryos, equine conceptuses express interferons and produce 

substantial quantities of estrogens and prostaglandins (Sharp et al. 1984). Interferons (interferon 

δ1 and 2 and interferon α1) are expressed in higher abundance after the expected time of MRP in 

mares (Budik et al. 2010; Klein and Troedsson 2011b); however, interferon-associated genes 
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have been found to be upregulated in the uterine tube of pregnant mares compared to their 

nonpregnant counterparts (Smits et al. 2017).  

 Even though, the embryonic factor responsible for luteal maintenance is unknown in the 

mare, researchers have demonstrated the expression of steroid hormone receptors, oxytocin and 

prostaglandin related genes in the equine uterus in different stages of early gestation (McDowell 

et al. 1999; Boerboom et al. 2004; Hartt et al. 2005; Ealy et al. 2010; Klein et al. 2010; Atli et 

al. 2010; Silva et al. 2014; de Ruijter-Villani et al. 2015). ESR1 has been demonstrated to be 

increased in estrus and nonpregnant mares in D13.5, 14 and 15 and decreased in pregnancy, but 

studies varied regarding the relative abundance of PGR  and OXTR expression in pregnant and 

nonpregnant mares (Behrendt-Adam et al. 1999; Klein et al. 2010; Silva et al. 2014; de Ruijter-

Villani et al. 2015).  While some studies have found no difference in the mRNA expression of 

OXTR between pregnant and nonpregnant animals (Behrendt-Adam et al. 1999; Klein et al. 

2010), immunolocalization studies demonstrated that OXTR staining uptake was decreased in 

pregnant animals (Starbuck et al. 1998), and therefore it has been suggested that oxytocin acts 

post- transcriptionally (Klein 2015a). Additionally, prostaglandin genes involved in the 

prostaglandin synthesis pathway (PTGS2, PTGFS and PTGFR) were decreased in pregnant 

mares compared to nonpregnant ones (Ealy et al. 2010; Atli et al. 2010; de Ruijter-Villani et al. 

2015). Furthermore, experiments using infusion or intrauterine estrogen or minipump delivery of 

PGE2 failed to prolong the luteal function in the mare (Vanderwall et al. 1994) .  

The role of oxytocin in luteolysis and MRP is not well elucidated in the horse. Mares 

treated with oxytocin during mid-diestrus, which have prolonged luteal function, have decreased 

PTGS2 expression but no difference in the OXTR is detected between pregnant and nonpregnant 

endometrium (Vanderwall et al. 2012; Keith et al. 2013). Oxytocin was reported not to be 

synthesized in the equine CL (Watson et al. 1999). The equine endometrium expresses 

oxytocin/neurophysin 1 (Behrendt-Adam et al. 1999; Bae and Watson 2003), which after post 

translational processing may cause endometrial release of PGF2α (Sharp et al. 1997). Oxytocin 

is cleaved by an aminopeptidase called Placental leucine aminopeptidase (P-LAP), or 

Leucyl/cystinyl aminopeptidase (LNPEP), also collectively known as “oxytocinase” (LNPEP) 

(Nomura et al. 2005). Oxytocinase has been demonstrated in serum in a soluble form, is 

ubiquitous in a variety of tissues (Laustsen et al. 1997; Yamahara et al. 2000), and it is co-

localized in the intracellular vesicles of glucose transporter 4 (GLUT4) (Mastick et al. 1994). 
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Binding of oxytocin to its receptor, seems to increase LNPEP activity (Nakamura et al. 2000). In 

the equine species, LNPEP levels have been demonstrated to be similar in pregnant and 

nonpregnant mares (Ikenaga, Shimada et al. 1993); however no investigation of LNPEP in the 

equine tissues and how this peptidase regulates oxytocin has been undertaken. Ewes have 

LNPEP widely distributed in their reproductive tissues, and there it seems to be co-distributed 

with OXTR, suggesting that LNPEP may regulate oxytocin concentrations at the tissue level 

(Mustafa et al. 2004). There are no studies evaluating oxytocinase in equine endometrial and 

luteal tissues. Prostaglandin and oxytocin related genes of the equine CL have been investigated 

in nonpregnant mares (Ferreira-Dias and Mateus 2003; Slough et al. 2011; Galvão et al. 2016, 

2018); however temporal luteal gene expression in pregnant mares has not been fully elucidated.  

 We hypothesized that the relative abundance of LNPEP would be increased in early 

pregnancy to regulate the oxytocin levels in the CL and endometrium to support luteal 

maintenance. Furthermore, PTGES would be elevated during MRP to support the luteal tissue 

during pregnancy. Our objectives were to demonstrate and compare the presumed endometrial 

and luteal gene regulators in diestrus and pregnant mares from D8 through 15 of the estrous 

cycle. 

 

6.2 Materials and Methods 
 
6.2.1 Animals 
 

All horses were fed ad libidum forage, water and had trace mineral supplementation to meet their 

requirements. Animal use was approved by the animal care and use committee of the University 

of Saskatchewan (UCACS protocol # 2012004). Mares (n= 25) ranging in age from 2 to 24, with 

a mean and standard deviation (+SD) age of 10.5 (+ 4.8) years were evaluated using transrectal 

palpation and ultrasound to determine normal cyclicity and interestrus interval prior to 

enrollment in the study. Daily reproductive ultrasound examinations were performed once estrus 

was detected (>30 mm with at least a grade 1 uterine edema, soft uterus and no corpus luteum 

present) until the day of ovulation (D0), and then every other day until sample collections. Mares 

were randomly assigned to groups: Diestrus (DIEST) and Pregnant (PREG), with samples 

obtained on day: D8 - D15. Mares that were assigned to the PREG group were bred by a single 

fertile stallion with > 200 million progressive motile normal spermatozoa using artificial 
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insemination every other day until ovulation was detected (D0). Pregnancy was confirmed by 

transrectal ultrasound at D10-D12 post-ovulation or through identification of an embryo using a 

stereomicroscope to examine filtered lactated ringer’s solution recovered following a D8 embryo 

recovery attempt. Diestrus mares did not receive any sham treatment.  

 

6.2.1.2 Luteal biopsies 
 

Transvaginal ultrasound guided luteal biopsy (TVLB) was performed as previously described 

and validated (Diel de Amorim et al. 2016). Luteal biopsies samples were taken on D8 (n = 7), 

D10 (n = 5), D12 (n = 11) and D15 (n = 5) for DIEST mares and for PREG mares the samples 

consisted of: D8 (n = 6), D10 (n = 7), D12 (n = 5) and D15 (n = 4). Briefly, an 18G or 14G 

single action spring-loaded biopsy needle that was custom modified to a total length of 65cm 

was used for the TVLB. The mares were placed in stocks and sedated with 20 mg acepromazine, 

detomidine hydrochloride (0.01 – 0.02 mg/kg IV) and butorphanol tartrate (0.01 – 0.02 mg/kg 

IV) and administered hyoscine butylbromide (0.1 mg/kg IV) to relax the rectum.  After the 

mares’ tail was wrapped, rectum emptied, and the perineum was thoroughly washed. A 

microconvex 10 mHz ultrasound probe was inserted into a probe housing which was placed in 

the vagina and positioned at the vaginal fornix lateral to the cervix, ipsilateral to the ovary to be 

sampled. The ovary was positioned adjacent to the probe via the rectum and the biopsy needle 

was then inserted along the track into the luteal tissue using a controlled stabbing motion. The 

biopsy needle was then withdrawn and taken to a sterile field for removal of the biopsy core. One 

to three core samples from the CL were retrieved and the samples were placed in a cryovial and 

snap frozen in liquid nitrogen. Samples were stored in the -80°C until analysis. Rectal 

temperatures, appetite and demeanor of the mares were then monitored daily for 3 days after 

TVLB.  

 

6.2.1.3 Endometrial biopsy 
 

All mares had a single endometrial biopsy performed.  DIEST mares had endometrial samples 

taken on D8 (n = 8), D10 (n = 6), D12 (n = 6) and D15 (n = 6). PREG mares had an endometrial 

biopsy procured after embryo retrieval on days: D8 (n = 4), D10 (n = 6), D12 (n = 5) and D15 (n 

= 6). Endometrial biopsy samples were divided, and one piece placed in a cryovial and snap 
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frozen and stored in -80°C until analysis, and the other piece was placed in 10% formalin. 

Embryos were evaluated and used for a different experiment. 

 

6.2.1.4 Endometrial RNA isolation 
 

RNA was extracted using TRIzol™ (Thermo Fisher Scientific, Ottawa, ON, Canada) reagent 

from endometrial tissue (30 mg), according to the manufacture’s procedural guidelines. Equal 

volumes of isopropyl alcohol and 1/10 volume of 3M sodium acetate pH 5.2 were added to the 

RNA for precipitation. The RNA pellet was washed with 75% ethanol and air-dried. Lastly, the 

RNA was suspended in water for RNA concentration determination via NanoDrop (Thermo 

Fisher Scientific, Ottawa, ON, Canada). Samples with 260/280 and 260/230 ratios close to 1.95 

and 2.0, respectively, were considered pure and used for the analyses. 

 

6.2.1.5 Corpus luteum RNA isolation 
 

Total RNA was extracted using AllPrep® (Qiagen, Toronto, ON, Canada) reagent (TissueLyser 

LT, Qiagen, Toronto, ON, Canada) from luteal tissue cores, according to the manufacture’s 

procedural guidelines. Equal volume of 70% ethanol was mixed with the homogenate and 

transferred to a RNeasy spin column for 3-step buffer add-on solution and centrifugation 

according to manufacturer’s protocol. RNase-free water was added to the spin column as the 

final step to elute the RNA. Concentration of the RNA was assessed using a NanoDrop (Thermo 

Fisher Scientific, Ottawa, ON, Canada). Samples with 260/280 and 260/230 ratios close to 1.95 

and 2.0, respectively, were considered pure and used for the analyses. 

 

6.2.1.6 Real-Time RT-PCR (qPCR) 
 

Briefly, 200 ng of RNA sample was incubated with DNase I, Amplification Grade for 15 

minutes at room temperature, according to the manufacture’s protocol. Followed by the addition 

of 1μL of 25 mM EDTA solution to and heating the mix solution for 10 min at 65°C. The 

prepared sample was used for reverse transcription using a High Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Ottawa, ON, Canada), according to the 
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manufacture’s user’s guide. All PCR reactions were performed in duplicate and no template and 

no-RT controls were included.   

 The mRNA expression of the following transcripts was determined: estrogen receptor 1 

(ESR1), progesterone receptor (PGR), oxytocin receptor (OXTR), oxytocin/neurophysin I 

prepropeptide (OXT), leucyl and cystinyl aminopeptidase (LNPEP), prostaglandin-endoperoxide 

synthase 2 (PTGS2), prostaglandin F receptor (PTGFR), phospholipase A2 group IIC 

(PLA2G2C) (for endometrial samples only), prostaglandin E synthase (PTGES), solute carrier 

family 2 member 4 (SLC2A4), solute carrier family member 2A1 (SLC2A1), and Aromatase 

(CYP19A1) (for luteal samples only). The sequence of the PGR, OXTR, PTGES and PTGS2 

primers were used from previously published papers (Boerboom et al. 2004; de Ruijter-Villani et 

al. 2015). All other primers for the selected transcripts above were designed with Primer-BLAST 

(National Center for Biotechnology Information) and are displayed on Table 6.1. 

 For quantification of the relative expression of each gene, Real-time PCR was then 

performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, Ottawa, ON, 

Canada), according to the manufacturer’s instructions and as previously published (Bramer et al. 

2017). Briefly, the reaction was prepared by mixing: 0.5 μL of cDNA (total volume of 10 μL per 

well), 5 μL of PowerUp™ SYBR™ Green Master Mix, 0.2 μL of 10 μM forward and reverse 

primers and 3.5 μL of ddH2O with the thermal cycling condition as follow: one cycle for 10 min 

at 95°C, 40 cycles of 15 sec at 95°C, 1 min at 60°C, and generation of a melt curve. An 

automatic pipetting system was used epMotion Automated Pipetting System (Eppendorf, 

Mississauga, ON, Canada) for all the reactions. A 10-fold dilution of pooled cDNA was used to 

determine primer PCR efficiency, which was defined as 90 to 100% PCR efficiency. Specificity 

of primers was evaluated by a single melting temperature and also by performing a Sanger 

sequencing of each product to confirm the nucleotide sequence. The cycle number where the 

fluorescent signal intersected the threshold (Cq) was determined for each reaction and values 

from replicates were averaged. The averaged Cq of the Real-time PCR was normalized to 

housekeeping gene (GAPDH), by subtracting the Cq for GAPDH to obtain delta Cq. All 

Aromatase (CYP19A1) values with Cq between 12-24 were considered luteal tissues, and values 

with higher than 30 were considered ovarian stroma, and therefore excluded from the analysis. 
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6.2.1.7 Statistical analysis 
 

All data analysis was performed with JMP Pro 13.1(SAS Institute Inc.) with a p-value of P < 

0.05. Residual plots and Shapiro-Wilk tests were utilized to determine normality, and data was 

ranked transformed when necessary. Endometrial and luteal delta Cq values were analyzed by 

Two-way ANOVA with group, day and interaction as main effects; and post-hoc Tukey’s test. 

Multivariate Analysis was performed to look at correlations among genes in data by group and 

day.  

 

6.3 Results 
 

6.3.1 Endometrial gene expression 
 

Figure 6.1 demonstrates the Delta Cq of each endometrial gene by group and day of sampling 

and Table 6.2 shows the P-values of the between group and within day comparisons.  

 

Steroids:  

ESR1: There were significant differences among groups and days. When DIEST and PREG 

mares were compared within the same day of the cycle, D8 and D15 DIEST mares had increased 

expression of ESR1 compared to Preg Mares on those same days (P = 0.03). Regarding the 

across days relationships the D15 PREG endometrium had lower expression (P = 0.01) of ESR1 

compared to D10 PREG mares. The expression of ESR1 peaked on D10 and 12 and then 

decreased again by D15 in PREG mares.  

PGR: There no difference was detected in the endometrial gene expression of PGR.  

 

Oxytocin related genes:  

OXTR: OXTR had increased expression in D15 PREG compared to D15 DIEST animals (P = 

0.04). The D8, D10 and D15 DIEST endometrium had similarly lower levels of expression when 

compared to D12 DIEST and D12 and D15 PREG (P < 0.04). The PREG D8 endometrium had 

much lower mRNA abundance compared to all other PREG days (P < 0.05).  
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OXT: The general levels of OXT expression were low compared to GADPH. Endometrial OXT 

was significantly higher in D10 PREG compared to both D8 and 15 PREG and DIEST mares (P 

< 0.03).  

LNPEP: LNPEP endometrial expression was increased in D12 DIEST when compared to D8 

PREG and D15 DIEST and D15 PREG (P < 0.04). 

 

Prostaglandin genes:  

PTGS2: There was an increase in PTGS2 expression in D15 PREG endometrium compared to 

D10 DIEST (P < 0.05).  

PTGFR: Expression of PTGFR as decreased in D15 PREG mares when compared to DIEST D8-

12 and D12 PREG (P < 0.02).  

PLA2G2C: PLA2G2C expression was decreased in D15 of DIEST and PREG when compared to 

D8 DIEST and D10 PREG (P < 0.03). 

 

Glucose Transporters: SLC2A1 and SLC2A4: Endometrial SLC2A1 expression was 

significantly increased in D10 and 12 DIEST and PREG mares (P < 0.03). A comparison of 

DIEST and PREG within the same day of the cycle, showed that the DIEST D8 and D15 

endometrium had increased expression of SLC2A4 compared to PREG respectively (P = 0.03). 

SLC2A4 mRNA abundance was increased in D12 DIEST and PREG mares compared to D8 

DIEST and PREG D8 and 15 (P < 0.04).  

  

6.3.1.2 Luteal gene expression 
	
Seven samples (1 from a D8 PREG, 1 from D8 DIEST and 4 D15 DIEST) were excluded from 

the analysis due to low aromatase levels.  The data from the luteal gene expression of DIEST and 

PREG mares from D8 – D15 are found in Figure 6.2, and Table 6.3 also shows the significant P-

values for the comparisons by group and day.  

 

Steroids: There was an increased expression in D12 luteal tissue for ESR1 compared to D8 (P < 

0.01). There were no differences identified in luteal gene expression in PGR.  

 

Oxytocin related genes:  
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OXTR and OXT had an increased expression in D15 compared to D8 (P < 0.03).  

LNPEP: The gene where a day effect was noted was LNPEP, where D10 and 12 of DIEST and 

PREG mares had similarly higher levels of expression compared to other groups (P < 0.05). 

 

Prostaglandin genes:  

PTGS2 mRNA relative abundance was increased in D12 compared to D8 and 15 (P < 0.05).  

PTGFR expression was higher in D12 DIEST luteal tissue compared to D10 DIEST and D10 

and 15 PREG (P < 0.03). D12 DIEST animals had higher levels of PTGFR compared to D10 

DIEST and D10 and 15 PREG (P < 0.03). 

PTGES: The DIEST and PREG mares D12 luteal tissue had similar levels of expression of 

PTGES, which were significantly increased compared to D8 DIEST and D8 and 15 PREG mares 

(P < 0.05); and DIEST D12 also had higher levels of expression of PTGES compared to D8 and 

D15 counterparts (P < 0.05).  

 

Glucose Transporters: PREG mares had higher luteal levels of expression of SLC2A1 compared 

to DIEST mares (P < 0.01), but no day effect was identified. There were no differences 

identified in the gene expression of SCL2A4.   

  

6.3.1.3 Correlations between endometrial and luteal gene expression: 
 

The significant correlations between levels of expression in endometrial and luteal genes are 

listed in Supplementary Table 6.1.1 and 6.2.1. 

 

6.4 Discussion  
 

This is the first study to look at the temporal luteal gene expression on pregnant mares, with 

emphasis on oxytocin- and prostaglandin-related genes. We hypothesized that the relative 

abundance of LNPEP would be increased in early pregnancy to regulate the oxytocin levels in 

the CL and endometrium to support luteal maintenance. Furthermore, PTGES would be elevated 

during MRP to support the luteal tissue during pregnancy. The objective of this study was to 

characterize changes by day and pregnancy status of genes such as OXT, LNPEP and glucose 

transporters (SLC2A1, SLC2A4) that have not been fully investigated for their possible role in 
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early pregnancy recognition in the horse. There have been conflicting reports regarding the 

expression of OXT in the endometrium of the mare (Behrendt-Adam et al. 1999; Bae and Watson 

2003). Many of those genes such as steroid hormone receptors and genes related to the synthesis 

of prostaglandin have been previously studied in the endometrium and nonpregnant luteal tissues 

of mares (McDowell et al. 1999; Ferreira-Dias and Mateus 2003; Hartt et al. 2005; Klein et al. 

2010; Slough et al. 2011; Silva et al. 2014; de Ruijter-Villani et al. 2015; Galvao et al. 2016); 

however, a study evaluating endometrial and luteal gene regulation together has not been 

performed in the pregnant mare.  

 

6.4.1 Steroid receptors  
 
Serial luteal biopsies have been previously demonstrated not to have an effect on fertility or 

luteal function and lifespan in the mare (Slough et al. 2011; Diel de Amorim, Nairn et al. 2016) 

and sow (Bjorkman et al. 2017). Furthermore, Aromatase (CYP19A1) is expressed in the equine 

CL but not in the ovarian stroma (Mlodawska and Slomczynska 2010), making this gene a good 

indicator to confirm that TVLB samples were obtained actually from the CL, rather than adjacent 

tissue. In our study, we identified 7 samples with low aromatase expression. Four of the 7 luteal 

samples that had low aromatase expression were from D15 DIEST mares. In two out of the four 

samples, the mares had mild endometrial edema indicating functional luteolysis had occurred. 

Those samples were however, excluded from the analysis as they could not be distinguished 

from stroma. 

 More than two-thirds of the equine CL is reported to be composed of large luteal cells 

(LLC), with the remainder comprised of small luteal cells (SML) and fibroblasts (Galvao et al. 

2016). It has been reported that the LLC are the biggest contributor to progesterone secretion in 

the horse, as PGR and proliferating cell nuclear antigen (PCNA) are expressed only in the LLC 

(Ferreira-Dias and Mateus 2003; da Costa et al. 2005). The LLC have PGR immunostaining 

which is increased in mid-CL and decreased in late-CL (Ferreira-Dias and Mateus 2003). We did 

not find any difference between DIEST and PREG mares in luteal PGR.  

In ruminants, regulation of the ESR1 by IFNT plays a central role in MRP. In mares there 

is an increased expression of endometrial PGR and ESR1 during estrus, and a downregulation 

during diestrus and pregnancy has been described (Behrendt-Adam et al. 1999; Klein et al. 2010; 

de Ruijter-Villani et al. 2015). In agreement with previously published reports (Hartt et al. 2005; 
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Klein et al. 2010; de Ruijter-Villani et al. 2015), we report there was no difference in the relative 

abundance of endometrial or luteal PGR between DIEST and PREG mares. Endometrial ESR1 

relative abundance was found to be decreased in both D8 PREG and D15 PREG, compared to 

mares on: DIEST D8 (P<0.03); DIEST D10 (P<0.05) and DIEST D12 (P <0.007). This is in 

agreement with previously published studies that showed that ESR1 is decreased in pregnancy 

(McDowell et al. 1999; Klein et al. 2010; de Ruijter-Villani et al. 2015; Klohonatz et al. 2015). 

In many species, relative abundance of endometrial ESR1 and subsequent estrogen binding is 

associated with expression of OXTR. We note the levels of endometrial ESR1 were increased by 

D12 in PREG and DIEST mares, while an increase in OXTR occurred on D15. In ruminants there 

is an increase in endometrial ESR1 which is accompanied by an increase in OXTR expression 

two days later (Spencer et al. 1995a), and the data is consistent with this occurring in the mare. 

The administration of estradiol to mares followed by oxytocin administration resulted in higher 

levels of PGFM release in diestrous mares when administered on D11 but not D17 (Goff et al. 

1987). In other species such as cows, estrogen treatment of dispersed bovine luteal cells did not 

affect oxytocin binding or receptor density (Okuda et al. 1995).  

There were no differences between DIEST and PREG mares in luteal ESR1 abundance 

within days, however between D8 and D12 ESR1 expression in luteal tissue was increased. The 

association between ESR1 and OXTR may be species and tissue specific. We found a significant 

correlation between endometrial ESR1 and OXTR only on DIEST D10. In luteal tissue there were 

correlations between relative abundance of diestrus luteal ESR1 and SLC2A4 on D8, and D15 

along with LNPEP on D8, D10, D15, but in PREG mares ESR1 relative abundance in luteal 

tissue was correlated with only SLC2A1 on D8 and D10. In sheep estrogen has been reported to 

have regulatory role in LNPEP (Mustafa et al. 2004). Luteal tissue estrogen receptors may be a 

target for embryonic estradiol and estrone (Sharp et al. 1989), as the D12 equine embryo 

produces estrogens including oestrone from the bilaminar trophoblast (Raeside et al. 2004). 

There may be an interception of the ESR1 stimulated LNPEP in luteal tissue in early pregnancy.  

Estrogen alone has been shown not to be the MRP factor (Goff et al. 1993; Wilsher and Allen 

2011), but low dose intrauterine administration may have prolonged the luteal phase in some 

mares (Vanderwall et al. 1994). In dispersed bovine luteal cells PGF treatment but not estrogen 

increased the concentration of oxytocin receptors rather than oxytocin binding and luteal cell 

oxytocin treatment increased progesterone production (Okuda et al. 1995). This may be the case 
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in the mare where luteal oxytocin stimulates progesterone, hence lower levels of LNPEP would 

assist in this paracrine process.  

 
6.4.2 Oxytocin related genes 
 
The expression of endometrial OXTR has been demonstrated to be similar between diestrus and 

pregnant mares at D16 (Klein et al. 2010), but increased OXTR mRNA and protein was 

identified in D21 pregnant mares (de Ruijter-Villani et al. 2015). We however, report the 

endometrium of D15 PREG mares had a higher abundance of OXTR than the D15 DIEST mares. 

There was a low relative abundance of endometrial OXTR in DIEST D8 and PREG D8 and then 

a higher relative abundance of OXTR was achieved in D10, D12 and D15 PREG mares, and D12 

DIEST. In luteal tissue there were no differences between the relative abundance of OXTR by 

sample day in PREG and DIEST, but over time luteal OXTR abundance increased from D8 to 

D15. Annandale et al, 2018 demonstrated that OXTR expression is lower in diestrous phase 

endometrium, myometrium and cervix compared to estrus samples, and is highest during estrus 

in myometrial tissue (Annandale et al. 2018). Earlier studies by Sharp et al., 1997 using 

Scatchard analysis and binding affinity studies, described the role of the oxytocin receptor in the 

endometrial production of PGF. Sharp et al., 1997 reported that pregnant compared to diestrus 

mares had similar oxytocin receptor density through D12, and that higher density levels were 

present in diestrous mares on D14, and the pregnant mare’s oxytocin receptors had lower binding 

affinity (Sharp et al. 1997). In their study a uterine biopsy procedure resulted in similar systemic 

oxytocin release in pregnant and diestrus mares but a divergent response in terms prostaglandin 

release, with diestrus mares having a rise in PGFM after the oxytocin released by the biopsy but 

this was not present in pregnant mares. Later immunolocalization studies of oxytocin receptors 

demonstrated less immunostaining in D14 pregnant mare endometrium compared to diestrus 

mares (Starbuck et al. 1998; de Ruijter-Villani et al. 2015). These findings together indicate that 

the regulation of the oxytocin receptor may include non-genomic processes such as changes in 

the transcription of the protein; effects on the translocation of the receptor; and / or binding 

affinity of the oxytocin receptor, rather than simple regulation at the level of gene expression.  

Oxytocin may have paradoxical effects where it may facilitate endometrial prostaglandin 

secretion (Sharp et al. 1997) and may be acting in a luteotropic manner (Stout et al. 1999; 

Vanderwall et al. 2012; Keith et al. 2013). In cows, luteal cells have increased progesterone 
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secretion in response to oxytocin (Shirasuna et al. 2007). Oxytocin administration during mid-

luteal phase prolongs the CL function in sheep and equine (Flint et al. 1995; Stout et al. 1999; 

Vanderwall et al. 2012; Keith et al. 2013). In ruminants, the lengthening of the luteal phase by 

oxytocin administration is due to downregulation of OXTR (Flint et al. 1995), but in the equine, 

decreased expression of endometrial PTGS2 and not OXTR has been associated with luteostasis 

(Vanderwall et al. 2012; Keith et al. 2013). The overall abundance of endometrial OXY during 

the days we studied was low compared to the reporter gene GAPDH, however endometrium 

from D10 PREG mares had a higher abundance of OXY than the PREG and DIEST D8 and D15 

endometrial tissues. This may be interpreted to mean that endometrial OXY does not have a 

major role in regulating physiologic processes in DIES and PREG on the days we studied.  

The hormone oxytocin is produced as a preprohormone, a peptide bound to neurophysin-

1 and post-translational processing occurs through the actions of various enzymes to produce the 

active peptide (Gillou et al. 1994). Oxytocin has been immunolocalized to secretory cells in the 

endometrial epithelium (Bae and Watson 2003) and neurophysin (Watson et al. 2000) has been 

identified in the endometrium. Oxytocin has been suggested to play a paracrine role in 

endometrial tissue (Bae and Watson 2003). Regarding oxytocin in luteal tissue, authors in one 

study reported no immunostaining for neurophysin in the equine luteal tissue, but identified 

oxytocin immunostaining in small luteal cells and blood vessels (Watson et al. 1999). The 

primers used in this current study amplified oxytocin neurophysin-1 which requires post-

translational processing to release oxytocin. The post-translational processes require further 

study. The effects of systemic pituitary oxytocin are potentially of more importance in MRP 

interactions than endometrial tissue oxytocin in mares, which may be higher in estrus. Oxytocin 

has been identified in the luteal tissue of many species (Gimpl and Fahrenholz 2001), however 

because of a lack of a counter current exchange mechanism, luteal oxytocin may be more 

important locally than in producing effects on endometrial prostaglandin production at the time 

of luteolysis.  

Regarding LNPEP the relative abundance of endometrial LNPEP increased from D8 

through D10 and D12. There was a higher relative abundance of LNPEP in PREG D15 than 

DIES D15. Endometrial LNPEP relative abundance was increased in DIEST D12 compared to 

PREG D8 and PREG D15. The higher expression of endometrial LNPEP on PREG D15 may be 

have a function in MRP. There was a different result in luteal tissue where the relative 
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abundance of LNPEP in D15 DIEST was higher than D15 PREG. This may suggest opposite 

actions in the tissues. We propose that high endometrial levels of LNPEP in D15 PREG mares 

would attenuate the oxytocin induced production of PGF (Sharp et al. 1997), while in luteal 

tissue higher levels in D15 DIEST may prevent oxytocin induced progesterone secretion, or have 

other effects that facilitate PGF secretion. Presumably the role of LNPEP is to regulate the 

availability of oxytocin during critical periods at the tissue level. Further investigations to 

determine the role of oxytocin and LNPEP/ LNPEP through pregnancy should be conducted. 

 

6.4.3 Prostaglandin related genes 
 

Prostaglandin F2α release is diminished in pregnant mare endometria co-incubated with embryos 

(Watson and Sertich 1989; Ealy et al. 2010). Furthermore, the concentration of PGF2α has been 

demonstrated to be decreased in the uterine vein of pregnant mares at D10 - 14 (Douglas and 

Ginther 1976) and also undetectable in the uterine flush fluid (Stout and Allen 2002). These 

findings corresponded to the decrease in PTGS2, PTGFS and PTGFR in the pregnant 

endometrium at D14 and 15 (Ealy et al. 2010; Atli et al. 2010; de Ruijter-Villani et al. 2015).  

Our study however showed that endometrial PREG D15 PTGFR was in lower abundance 

than in DIEST D8, D10 and D12 indicating a down regulation of PTGFR in pregnancy. 

PLA2G2C was noted to have lower abundance on D15 in PREG and DIEST endometrium 

compared to D8 DIEST and PREG D10 endometrium; and PTGES was increased in PREG D10 

and PREG D12 compared to the other days. This would indicate that in DIEST arachidonic acid 

availability was high on D10 and D12 when PTGS2 was elevated and PTGFR was increased. In 

PREG mares there is a higher abundance of endometrial PTGES on D10 and D12 which 

decreased on D15 along with lower abundance of PLA2G2C and low PTGFR D15.  This is 

consistent in PREG with arachidonic acid availability on D10 and D12, and a shift towards the 

endometrial secretion of PGE on D10 and D12, with less PTGFR binding and less arachidonic 

acid production by D15.  In DIEST luteal tissue there was a full capacity for prostaglandin 

secretion and binding as shown by high expression of PTGS2 on D10 and D12, high PTGFR on 

D12 and D15, and high PTGES on D12. In PREG mares’ luteal tissue there was a high 

abundance of PTGS2 on 10 and D12, but no change in PTGFR, and higher PTGES on D12 
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compared with D8 and D15. This indicates in PREG mares’ luteal tissue that arachidonic acid is 

likely converted to PGE and there are no changes in luteal PTGFR.   

Prostaglandin F and E have been demonstrated to be secreted by the equine CL (Watson 

and Sertich 1990) and PGE has been reported to have a luteoprotective or a luteotrophic role 

(Bazer et al. 1998; Galvão et al. 2016, 2018). The early and mid CL also secretes substantial 

amounts of PGE2 (Ferreira-Dias and Skarzynski 2008). However, no studies in the pregnant 

mare have investigated luteal tissue PTGES during the expected time of MRP. In our study, the 

relative abundance of PTGS2 was similarly increased in DIEST and PREG in D12 compared to 

D8 and D15 of the cycle. However, a study using serial luteal biopsies of the equine CL of the 

mare in DIEST did not find a temporal difference in the expression of PTGS2 (Slough et al. 

2011). The lack of difference in their study could be related to a smaller sample size (Slough et 

al. 2011) and therefore the repeated measurement in a lower number of individual could have 

contributed to the differing results. An in vitro equine luteal cell exposure to PGE2 increases 

steroid acute regulatory protein (StAR) secretion (Galvao et al. 2016). Furthermore, the early- 

and mid-cycle CL has been demonstrated to produce significant amounts of PGE2 (Ferreira-Dias 

and Skarzynski 2008), which is consistent with an increased expression of PTGES we described 

at D12. The endometrial and luteal PTGES may work in a paracrine and / or autocrine fashion to 

regulate the amount of PGE2 available for luteal support. Microsomal PGE2 synthase 

(mPTGES1) has been demonstrated in the swine endometrium, and increases the PGE2: PGF2α 

ratio during Day 10 - 13 (Waclawik and Ziecik 2007). Changes in the serum PGE/PGF ratio 

should be examined in pregnant and non-pregnant mares during the time of pregnancy 

recognition.  

There may be regulation of prostaglandin transporters such as ATP-binding cassette 

subfamily C membrane 4 (ABCC4) and solute carrier organic anion transporter family 

2A1(SLCO2A1) which transport PGF2α and PGE2. These have been demonstrated in the 

endometrium of the pig during the MRP (Seo et al. 2014). In the equine, SLCO2A1 is increased 

in endometrium at D14 of pregnancy (de Ruijter-Villani et al. 2015). Further research on the 

prostaglandin transporters in the equine endometrium and luteal tissue are warranted as it is 

suggested that the balance between the luteolytic and luteotrophic prostaglandins that may be 

essential contributors to pregnancy maintenance.  
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6.4.4 Glucose transporters 
 

Endometrial tissue of mares contained SLC2A1 and SL2CA4. Highest levels of endometrial 

abundance were found on D10 and D12, with DIEST mares on D15 having levels greater than 

PREG mares, and in luteal tissues on PREG mares had higher levels of SLC2A1than DIEST on 

D12 and D15.  The early embryo is dependent on the histiotroph for nutrition until about day 40 

when implantation occurs (Allen and Wilsher 2009), and glucose is the primary substrate for the 

embryo (Korgun et al. 2001). The glucose is transferred to the embryo through glucose 

transporters (GLUT), and  GLUT1, 3 and 4 have been suggested to facilitate glucose diffusion 

during peri-implantation development in rats (Korgun et al. 2001). The gene for GLUT1 

(SLC2A1) has been demonstrated to be upregulated and downregulated by progesterone and 

estrogen, respectively, in murine and human endometrial cells in an in vitro culture system 

(Frolova et al. 2009). The GLUT4 is co-localized with the LNPEP in the intracellular GLUT 

vesicles and are translocated to the membrane in response to insulin (Mastick et al. 1994; 

Holman 2018). In a recent study, the mRNA for various glucose transporters was demonstrated 

in the equine embryo and endometrium. The authors suggested that SLC2A1 expression is 

stimulated by the embryo since its expression was higher in pregnant endometrium at D14 and 

also lower in asynchronous endometrium compared to synchronous endometrium after embryo 

transfer (Gibson et al. 2018). In our study, SLC2A1 was correlated with ESR1 in endometrium of 

DIEST mares D8 and in PREG mares on D8, and D10 and D15, and SLC2A4 was correlated 

with ESR1 in DIESTR endometrium on D8, D12 and D15. LNPEP was correlated with SLC2A4 

in endometrium of PREG D8, and DIEST D8, D10 and D15. Endometrial tissue on D15 also had 

a number of correlations between SLC2A1and prostaglandin related genes (PTGS2, PLA2G2C, 

PTGFR) in diestrus mares.  

The glucose transporters have not been previously demonstrated in the equine CL, and in 

our study, similar to other species (Frolova et al. 2009; Papa et al. 2014), equine luteal tissue 

expresses higher levels of SLC2A1 in pregnant animals but there was no difference in SLC2A4. 

The higher levels of expression of SLC2A1 in the pregnant mare may function in an autocrine 

manner to continue the uptake of glucose and meet the high metabolic demand of maintaining 

progesterone production similar to cattle (Nishimura et al., 2017), and may be correlated with 

circulating progesterone levels (Papa et al. 2014). Progesterone induces the expression of both 
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SLC2A1 and 4 in the ovine endometrium (Gao et al. 2009; Dorniak et al. 2012). In luteal tissue 

there were correlations between SLC2A1 and ESR1 in DIEST mares on D8, and PREG D8 and 

D10, and SLC2A4 and ESR1 on D8, D15 and LNPEP DIEST D8 and D15. There were also 

correlations with prostaglandin related genes with SLC2A1 and SLC2A4 both correlated to 

PTGES on D15 in DIEST and PREG mares. This may indicate that estrogen and prostaglandin 

play a role in the regulation of glucose transporters in luteal tissue. Additionally, studies should 

be carried out to investigate how the endometrial expression of the GLUT transporters responds 

to conceptus products and to in vitro challenges with progesterone, estrogens and prostaglandin.  

 

6.5 Conclusion 
	
We interpreted that data from this study to indicate that the critical period for the maternal 

recognition of pregnancy in mares begins around D10-12, as the majority of the endometrial and 

luteal genes were upregulated at this time point. While OXT was detected the level of expression 

in the endometrium was low compared to GAPDH and was highest on PREG D10, and further 

investigation is needed to clarify its role. LNPEP may have tissue specific roles as there was a 

higher endometrial abundance in PREG compared to DIEST on D15 which may have a role in 

modulating uterine motility at this time, but a lower abundance in PREG luteal tissue which may 

indicate luteal oxytocin has a luteotropic function in early pregnancy. Endometrial OXTR were 

upregulated in PREG D15 compared to DIEST, which indicates that lower expression of OXTR 

is not associated with MRP in the mare, but rather other non-genomic regulatory processes may 

be involved.  The prostaglandin related genes did not differ between DIEST and PREG mares; 

however, both luteal and endometrial PTGES were upregulated at D12, suggesting that at this 

critical point PGE2 may act to promote a luteotrophic environment. Further research on 

prostaglandin transporters and changes in the PGE and PGF should be undertaken. The glucose 

transporter SLC2A1 was upregulated in pregnancy and may be a mechanism to support the 

metabolic demands of the luteal tissue during early pregnancy.  
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Table 6.1. Genes, accession number, forward (5’->3”) and Reverse (3->5) primer sequences used 
for the Real-Time RT-PCR (qPCR) in endometrial and luteal tissue 

Symbol Accession number Forward (5' to 3')  Reverse (5' to 3')  

ESR1 NM_001081772.1 ACGATGCCACCAGACCATTT CATGTGAACCAGCTCCCTGT 
PGR XM_001498494.4 GTCAGTGGACAGATGCTGTA CGCCTTGATGAGCTCTCTAA 
OXTR XM_005600468.1 CATCGTGCTGGCCTTCATCGTGTG GGTAGCCGGAGGAGCAGCAGAGGA 
OXT  GATCCCTCCTGCGACCAC CTATGGAGGGGACGAAGGGT 
LNPEP XM_001503684.4  CCTCAGCTCTCGGAGTAGGA TGAAGCCGATCGTTGGTGAA 
PTGS2 NM_001081775.2  GTGACATTGATGCCATGGAG GAATGGTGCCCCAAGTTCTA 
PTGFR NM_001081806.1 CATAGGGCAGGTAGTTCTGCT GACCCCAGTTTTTGAAGGCAA 
PLA2G2C XM_023635594.1 TGTCCTAATCCAGCAAGGGAGCTT

CATTCCCGAGGAGACCAC 
GTGGTCTCCTCGGGAATGAAGCTCCC
TTGCTGGATTAGGACA 

PTGES NM_001081935.1 CCACCCCCTAGCCTCGCGAT GGCGAAAGCCTTCTTCCTCAGCC 
SLC2A4 NM_001081866.2 TTCCTCATTGGCGCCTACTC AATGACGATGGCCAGTTGGT 
SLC2A1 NM_001163971.1 TCGCAGTCGGAGTCTCAGGA GTTGTAGCCATACTGCAGGGA 
GAPDH NM_001163856.1 TTGTCAAGCTCATTTCCTGGTATG GTTAGGGGGTCAAGTTGGGAC 
CYP19A1 NM_001081805.3 TCCTCCCATCCCATTGTCCA GTACCCAGATATCGGCCTGG 

    
Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Phospholipase A2 group IIC (PLA2G2C), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 
(SLC2A4), Solute carrier family member 2A1 (SLC2A1), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and Aromatase 
(CYP19A1).  
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Table 6.2. Significant differences in the relative mRNA abundance of various genes from 
endometrial tissue obtained from pregnant and diestrus mares on Day 8,10, 12, and 15 post-
ovulation. 
 

Gene Day, Groups Difference SEDa Lower CLb Upper CLb P-value 

ESR1 

PREG D15 DIEST D12 29.67 6.02 10.39 48.94 0.0004 
PREG D8 DIEST D12 26.58 6.73 5.03 48.14 0.007 
PREG D15 DIEST D10 24.83 6.02 5.56 44.11 0.004 
PREG D15 DIEST D8 24.58 5.63 6.55 42.62 0.002 
PREG D15 PREG D10 22.33 6.02 3.06 41.61 0.01 
PREG D8 DIEST D10 21.75 6.73 0.20 43.30 0.05 
PREG D8 DIEST D8 21.50 6.39 1.05 41.95 0.03 

OXTR 

PREG D8 PREG D12 35.95 5.47 18.45 53.45 0.0001 
PREG D8 DIEST D12 33.42 5.26 16.58 50.25 0.0001 
PREG D8 PREG D15 32.25 5.26 15.41 49.09 0.0001 
DIEST D8 PREG D12 27.33 4.65 12.46 42.19 0.0001 
DIEST D8 DIEST D12 24.79 4.40 10.71 38.88 0.0001 
DIEST D8 PREG D15 23.63 4.40 9.54 37.71 0.0001 
PREG D8 PREG D10 22.58 5.26 5.75 39.42 0.003 
DIEST D10 PREG D12 20.03 4.93 4.24 35.83 0.005 
DIEST D10 PREG D12 19.03 4.93 3.24 34.83 0.009 
DIEST D10 DIEST D12 17.50 4.70 2.44 32.56 0.01 
PREG D8 DIEST D15 16.92 5.26 0.08 33.75 0.05 
DIEST D15 DIEST D12 16.50 4.70 1.44 31.56 0.02 
DIEST D10 PREG D15 16.33 4.70 1.27 31.39 0.03 
DIEST D15 PREG D15 15.33 4.70 0.27 30.39 0.04 

OXT 

DIEST D15 PREG D10 2.92 0.69 0.72 5.12 0.003 
PREG D8 PREG D10 2.87 0.69 0.67 5.07 0.004 
PREG D15 PREG D10 2.71 0.64 0.65 4.78 0.004 
DIEST D8 PREG D10 2.00 0.57 0.16 3.85 0.03 

LNPEP 
PREG D8 DIEST D12 1.88 0.45 0.45 3.31 0.003 
DIEST D15 DIEST D12 1.51 0.40 0.23 2.79 0.01 
PREG D15 DIEST D12 1.38 0.40 0.10 2.66 0.03 

PTGS2 DIEST D8 PREG D15 2.83 0.89 -0.02 5.69 0.05 

PTGFR 

PREG D15 DIEST D12 28.17 6.20 8.25 48.09 0.001 
PREG D15 DIEST D8 23.81 5.98 4.61 43.00 0.007 
PREG D15 PREG D10 23.27 6.51 2.37 44.16 0.02 
PREG D15 DIEST D10 21.83 6.20 1.91 41.75 0.02 

PLA2G2C 

DIEST D15 DIEST D8 27.33 5.71 9.04 45.62 0.0006 
PREG D15 DIEST D8 27.00 5.71 8.71 45.29 0.0007 
DIEST D15 PREG D10 20.50 6.11 0.95 40.05 0.03 
PREG D15 PREG D10 20.17 6.11 0.62 39.72 0.04 

PTGES 

PREG D8 DIEST D12 2.41 0.34 1.31 3.50 0.0001 
PREG D8 PREG D10 1.81 0.34 0.72 2.90 0.0001 
DIEST D15 DIEST D12 1.71 0.31 0.74 2.69 0.0001 
PREG D8 PREG D12 1.64 0.35 0.51 2.77 0.0001 
DIEST D8 DIEST D12 1.56 0.29 0.64 2.47 0.0001 
PREG D15 DIEST D12 1.51 0.31 0.54 2.49 0.0004 
PREG D8 DIEST D10 1.22 0.34 0.13 2.32 0.02 
DIEST D10 DIEST D12 1.18 0.31 0.21 2.16 0.009 
DIEST D15 PREG D10 1.11 0.31 0.14 2.09 0.02 
DIEST D8 PREG D10 0.96 0.29 0.04 1.87 0.03 
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SLC2A4 

PREG D15 DIEST D12 2.38 0.47 0.89 3.87 0.0002 
PREG D8  DIEST D12 2.30 0.52 0.64 3.97 0.002 
DIEST D8  DIEST D12 2.23 0.44 0.84 3.62 0.0002 
PREG D15 PREG D12 1.84 0.49 0.28 3.40 0.01 
PREG D8 PREG D12 1.76 0.54 0.03 3.49 0.04 
DIEST D8 PREG D12 1.69 0.46 0.22 3.16 0.01 
PREG D15 DIEST D15 1.60 0.47 0.11 3.09 0.03 
DIEST D8 DIEST D15 1.45 0.44 0.06 2.85 0.04 

SLC2A1 

PREG D8 DIEST D12 34.08 4.11 20.91 47.26 0.0001 
PREG D8 PREG D12 33.05 4.27 19.36 46.74 0.0001 
PREG D15 DIEST D12 29.43 3.86 17.07 41.79 0.0001 
PREG D8 PREG D10 28.58 4.11 15.41 41.76 0.0001 
PREG D15 PREG D12 28.40 4.03 15.49 41.31 0.0001 
DIEST D15 DIEST D12 25.17 3.68 13.38 36.95 0.0001 
DIEST D15 PREG D12 24.13 3.86 11.77 36.49 0.0001 
DIEST D8 DIEST D12 24.08 3.44 13.06 35.11 0.0001 
PREG D15 PREG D10 23.93 3.86 11.57 36.29 0.0001 
DIEST D8 PREG D12 23.05 3.63 11.41 34.69 0.0001 
PREG D8 DIEST D10 19.75 4.11 6.57 32.93 0.0006 
DIEST D15 PREG D10 19.67 3.68 7.88 31.45 0.0001 
DIEST D8 PREG D10 18.58 3.44 7.56 29.61 0.0001 
PREG D15 DIEST D10 15.10 3.86 2.74 27.46 0.008 
DIEST D10 DIEST D12 14.33 3.68 2.55 26.12 0.008 
DIEST D10 PREG D12 13.30 3.86 0.94 25.66 0.03 

Estrogen receptor 1 (ESR1), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide (OXT), Leucyl and cystinyl 
aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor (PTGFR), Phospholipase 
A2 group IIC (PLA2G2C), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 (SLC2A4) and Solute carrier 
family member 2A1 (SLC2A1);  
a standard error of the difference (SED); bconfidence limit (CL).   
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Table 6.3. Significant differences in the relative mRNA abundance of various genes from luteal 
tissue obtained from pregnant and diestrus mares on Day 8,10, 12, and 15 post-ovulation.  
 

Genea Day, Groups Difference SEDb Lower CLc Upper CLc P-value 

LNPEP 

PREG D15 DIEST D12 26.63 5.45 9.19 44.06 0.0004 
PREG D15 PREG D10 25.68 5.57 7.84 43.52 0.001 
PREG D8 DIEST D12 25.54 4.80 10.17 40.91 0.0001 
PREG D15 PREG D12 25.25 5.97 6.16 44.34 0.003 
PREG D8 PREG D10 24.60 4.95 8.76 40.43 0.0003 
PREG D8 PREG D12 24.17 5.38 6.93 41.40 0.002 
DIEST D8 DIEST D12 22.38 4.60 7.64 37.11 0.0005 
PREG D15 DIEST D10 22.25 5.97 3.16 41.34 0.01 
DIEST D8 PREG D10 21.43 4.75 6.21 36.64 0.001 
PREG D8 DIEST D10 21.17 5.38 3.93 38.40 0.007 
DIEST D8 PREG D12 21.00 5.21 4.33 37.67 0.006 
PREG D15 DIEST D15 19.45 5.97 0.36 38.54 0.04 
PREG D8 DIEST D15 18.37 5.38 1.13 35.60 0.03 

 DIEST D8 DIEST D10 18.00 5.21 1.33 34.67 0.03 

PTGFR 
PREG D15 DIEST D12 26.50 7.09 3.81 49.20 0.01 
PREG D10 DIEST D12 23.93 5.99 4.75 43.11 0.006 
DIEST D10 DIEST D12 22.50 6.60 1.37 43.63 0.03 

PTGES 

PREG D15 DIEST D12 30.75 5.95 11.69 49.81 0.0002 
PREG D8 DIEST D12 28.42 5.25 11.61 45.22 0.0001 
PREG D15 PREG D12 26.90 6.52 6.02 47.78 0.004 
PREG D8 PREG D12 24.57 5.89 5.72 43.41 0.004 
DIEST D8 DIEST D12 22.25 5.03 6.14 38.36 0.002 
PREG D20 DIEST D12 19.39 5.03 3.29 35.50 0.01 
DIEST D8 PREG D12 18.40 5.69 0.18 36.62 0.05 
DIEST D15 DIEST D12 17.65 5.54 -0.09 35.39 0.05 

aLeucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin F receptor (PTGFR) and Prostaglandin E synthase (PTGES); 
bstandard error of the difference (SED); cconfidence limit (CL).  
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Figure 6.1. Relative mRNA abundance in endometrial tissue of ESR1, PGR, OXTR, OXT, 
LNPEP, SLC2A4, SLC2A1, PTGS2, PTGFR, PLA2G2C, PTGES in diestrus and pregnant mares 
on Day, 8, 10, 12, and 15 post-ovulation. Delta Ct values are inversely related to mRNA 
abundance. Differences (p<0.05) are indicated by different superscripted letters.  
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Figure 6.2. Relative mRNA abundance of luteal ESR1, PGR, OXTR, OXT, LNPEP, SLC2A4, 
SLC2A1, PTGS2, PTGFR, PTGES in diestrus and pregnant mares on Days 8, 10, 12, 15 post-
ovulation. Delta Ct values are inversely related to mRNA abundance. Differences (p<0.05) are 
indicated by different superscripted letters. Bars below superscripted letters on ESR1, OXTR, 
OXT and PTGS2 signifies no difference between Days. 
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Table 6.1.1. Correlations in endometrial gene expression in pregnant and diestrous mares on Day 
8, 10, 12 and 15 post-ovulation  

Groups Variable 
by 
Variable Correlation Count 

Lower 
95%a 

Upper 
95%a P-value 

DIEST D8 

PTGES SLC2A4 0.76 8 0.13 0.95 0.03 
OXT PTGES 0.71 8 0.01 0.94 0.05 
LNPEP SLC2A4 0.80 8 0.22 0.96 0.02 
ESR1 SLC2A4 0.87 8 0.43 0.98 0.005 
ESR1 PTGS2 -0.86 8 -0.97 -0.39 0.006 
ESR1 LNPEP 0.84 8 0.33 0.97 0.01 
SLC2A1 SLC2A4 0.70 8 -0.01 0.94 0.05 
SLC2A1 PTGS2 -0.75 8 -0.95 -0.09 0.03 
SLC2A1  ESR1 0.79 8 0.20 0.96 0.02 
PTGFR PTGES 0.77 7 0.04 0.96 0.04 
PLA2G2C ESR1 -0.73 8 -0.95 -0.04 0.04 
PGR PTGS2 -0.87 8 -0.98 -0.44 0.004 
PGR LNPEP 0.74 8 0.07 0.95 0.04 
PGR ESR1 0.93 8 0.65 0.99 0.001 
PGR SLC2A1 0.82 8 0.27 0.97 0.01 
OXTR PGR 0.80 8 0.23 0.96 0.01 

DIEST D10 

ESR1 SLC2A4 -0.81 6.00 -0.98 0.00 0.05 
PLA2G2C  SLC2A1 -0.87 6.00 -0.99 -0.21 0.02 
 OXTR ESR1 -0.89 6.00 -0.99 -0.29 0.01 
OXTR SLC2A1 0.97 6.00 0.78 1.00 0.001 

DIEST D12 

OXT PTGES 0.91 6.00 0.39 0.99 0.01 
SLC2A1 PTGS2 0.95 6.00 0.59 0.99 0.004 
PTGFR PTGES 0.96 6.00 0.64 1.00 0.003 
PTGFR OXT 0.96 6.00 0.65 1.00 0.003 
PGR LNPEP 0.90 6.00 0.34 0.99 0.02 
OXTR PTGS2 0.88 6.00 0.25 0.99 0.02 
OXTR SLC2A1 0.94 6.00 0.53 0.99 0.006 

DIEST D15 

LNPEP SLC2A4 -0.84 6.00 -0.98 -0.08 0.04 
ESR1 SLC2A4 -0.81 6.00 -0.98 -0.01 0.05 
ESR1 LNPEP 0.87 6.00 0.20 0.99 0.02 
SLC2A1 SLC2A4 -0.88 6.00 -0.99 -0.25 0.02 
SLC2A1 PTGS2 0.91 6.00 0.37 0.99 0.01 
SLC2A1 LNPEP 0.95 6.00 0.62 1.00 0.003 
PTGFR SLC2A4 -0.99 6.00 -1.00 -0.91 0.0001 
 PTGFR LNPEP 0.86 6.00 0.17 0.98 0.03 
 PTGFR  SLC2A1 0.90 6.00 0.34 0.99 0.01 
PLA2G2C SLC2A4 -0.84 6.00 -0.98 -0.07 0.04 
PLA2G2C PTGS2 0.93 6.00 0.48 0.99 0.007 
PLA2G2C LNPEP 0.86 6.00 0.15 0.98 0.03 
PLA2G2C  SLC2A1 0.94 6.00 0.55 0.99 0.005 
PLA2G2C  PTGFR 0.85 6.00 0.12 0.98 0.03 
 PGR SLC2A4 -0.91 6.00 -0.99 -0.37 0.01 
 PGR PTGS2 0.83 6.00 0.06 0.98 0.04 
 PGR LNPEP 0.82 6.00 0.02 0.98 0.05 
 PGR  SLC2A1 0.93 6.00 0.47 0.99 0.008 
 PGR  PTGFR 0.92 6.00 0.44 0.99 0.01 
 PGR  PLA2G2C 0.83 6.00 0.06 0.98 0.04 

PREG D8 
PTGES PTGS2 0.96 4.00 -0.04 1.00 0.04 
 PTGFR PTGS2 0.99 4.00 0.60 1.00 0.01 
PLA2G2C  PTGFR 0.98 4.00 0.32 1.00 0.02 

PREG D10  ESR1 PTGS2 -0.91 6.00 -0.99 -0.37 0.01 
 PTGFR OXT 0.93 5.00 0.25 1.00 0.02 
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PREG D12 

 SLC2A1 OXT -0.93 5.00 -1.00 -0.24 0.02 
 PTGFR OXT 0.94 5.00 0.32 1.00 0.02 
 PTGFR  ESR1 0.93 5.00 0.28 1.00 0.02 
PLA2G2C  ESR1 0.95 5.00 0.45 1.00 0.01 
 PGR PTGS2 -0.96 5.00 -1.00 -0.50 0.01 
 OXTR  SLC2A1 0.93 5.00 0.29 1.00 0.02 

PREG D15 

LNPEP SLC2A4 0.90 6.00 0.32 0.99 0.01 
LNPEP PTGES 0.88 6.00 0.24 0.99 0.02 
PLA2G2C PTGS2 -0.85 6.00 -0.98 -0.14 0.03 
 PGR SLC2A4 0.94 6.00 0.52 0.99 0.006 
 PGR LNPEP 0.93 6.00 0.51 0.99 0.006 
 OXTR PTGES 0.82 6.00 0.04 0.98 0.04 
 OXTR LNPEP 0.86 6.00 0.17 0.98 0.03 

aconfidence interval  
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Table 6.2.1. Correlations in luteal gene expression on Days 8, 10, 12 and 15 post-ovulation in 
pregnant and diestrous mares.  

Groups Variable 
by 
Variable Correlation Count 

Lower 
95%a 

Upper 
95%a 

P-
value 

DIEST D8 

SLC2A4 ESR1 0.92 7.00 0.54 0.99 0.004 
SLC2A1 ESR1 0.87 7.00 0.33 0.98 0.01 
SLC2A1 SLC2A4 0.92 7.00 0.55 0.99 0.003 
PTGFR SLC2A1 -0.91 7.00 -0.99 -0.49 0.005 
OXT ESR1 0.92 6.00 0.41 0.99 0.01 
OXT SLC2A4 0.99 6.00 0.89 1.00 0.0002 
OXT SLC2A1 0.91 6.00 0.36 0.99 0.01 
LNPEP ESR1 0.83 7.00 0.19 0.97 0.02 
LNPEP SLC2A4 0.76 7.00 0.02 0.96 0.05 
PGR PTGS2 0.76 7.00 0.01 0.96 0.05 
OXTR ESR1 0.93 6.00 0.49 0.99 0.007 
OXTR SLC2A4 0.95 6.00 0.59 0.99 0.004 
OXTR SLC2A1 0.87 6.00 0.20 0.99 0.02 
OXTR OXT 0.89 5.00 0.03 0.99 0.04 
OXTR PGR 0.82 6.00 0.03 0.98 0.04 

DIEST D10 

PTGS2 SLC2A1 1.00 4.00 0.98 1.00 0.0003 
PTGFR SLC2A4 0.90 5.00 0.11 0.99 0.04 
PTGES PTGFR 0.96 5.00 0.48 1.00 0.01 
LNPEP ESR1 0.90 5.00 0.08 0.99 0.04 
LNPEP SLC2A1 1.00 4.00 0.99 1.00 0.0002 
LNPEP PTGS2 0.97 5.00 0.63 1.00 0.006 
OXTR PTGES -0.92 5.00 -0.99 -0.17 0.03 

DIEST D12 
LNPEP PTGS2 0.78 8.00 0.17 0.96 0.02 
LNPEP OXT 0.75 8.00 0.10 0.95 0.03 
OXTR ESR1 0.84 8.00 0.32 0.97 0.01 

DIEST D15 

SLC2A4 ESR1 0.96 5.00 0.50 1.00 0.01 
PTGES SLC2A4 0.88 5.00 0.01 0.99 0.05 
OXT PTGES -0.96 4.00 -1.00 -0.04 0.04 
LNPEP ESR1 0.90 5.00 0.07 0.99 0.04 
LNPEP SLC2A4 0.88 5.00 0.01 0.99 0.05 
PGR SLC2A4 0.90 5.00 0.07 0.99 0.04 
PGR LNPEP 0.89 5.00 0.06 0.99 0.04 

PREG D8 

SLC2A1 ESR1 0.82 6.00 0.03 0.98 0.04 
PTGFR SLC2A1 -0.84 6.00 -0.98 -0.10 0.04 
PTGES PTGFR 0.87 6.00 0.19 0.99 0.02 
PGR LNPEP 0.82 6.00 0.04 0.98 0.04 
OXTR PTGFR -0.90 6.00 -0.99 -0.32 0.02 
OXTR PTGES -0.89 6.00 -0.99 -0.28 0.02 

PREG D10 

SLC2A1 ESR1 0.95 5.00 0.40 1.00 0.01 
PTGES PTGFR 0.93 7.00 0.57 0.99 0.003 
LNPEP OXT 0.95 7.00 0.69 0.99 0.001 
PGR OXT -0.80 7.00 -0.97 -0.11 0.03 
PGR LNPEP -0.90 7.00 -0.99 -0.47 0.005 

PREG D12 
PTGFR PTGS2 -0.97 5.00 -1.00 -0.64 0.005 
PGR PTGS2 0.96 5.00 0.48 1.00 0.01 
PGR PTGFR -0.99 5.00 -1.00 -0.90 0.0007 

PREG D15 
PTGES SLC2A4 0.99 4.00 0.46 1.00 0.01 
OXT PTGS2 -0.98 4.00 -1.00 -0.27 0.02 
PGR OXT -0.96 4.00 -1.00 -0.03 0.04 

aconfidence interval 
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CHAPTER 7: COMPARISON OF EQUINE CONCEPTUS GENE EXPRESSION FROM 
DAY 8 – 21 POST-OVULATION 
 

Chapter 5 and 6 evaluated gene expression at the expected time of luteolysis and MRP in the 

equine endometrium and luteal tissue. This last experimental chapter focuses on the equine 

embryo. The aim is to explore oxytocin, oxytocinase and other putative regulatory genes 

associated with MRP in the embryo. Possible interrelationships with endometrial, luteal and 

embryonic differential gene expression were examined. Equine embryos of different days of 

gestation (D8 – 21) were used to compare the genes of interest. Additionally, it was of interest to 

determine if the protein products of OXT and LNPEP are present in the equine embryo; and 

therefore, immunohistochemistry and liquid chromatography mass spectrometry were utilized. 

We concluded that the equine embryo expresses low levels of OXT and LNPEP, but LNPEP 

protein was present only in D15 and 16 embryos. 
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Abstract 

Oxytocinase (LNPEP) is an enzyme that metabolizes oxytocin in serum and many tissues. The 

presence and function of oxytocin and LNPEP is unknown in the equine trophoblast. Our 

objective was to characterize changes in oxytocin, oxytocinase and prostaglandin related genes 

in equine embryos during early pregnancy at Day(D): D8 (n=4), D10 (n=5), D12 (n=5), D14 

(n=6), D15 (n=4), D16 (n=7), and D21 (n=3), using Real-time RT-PCR (qPCR) for the following 

genes: ESR1, PGR, OXTR, OXT, LNPEP, PTGS2, PTGFR, PGTES, SLC2A1 and SLC24,. 

Immunohistochemistry (IHC), western blot (WB) and liquid chromatography with tandem mass-

spectrometry (LC-MS/MS) were used for identification of OXT and LNPEP protein in D15, 16 

and 18 embryos.  Statistical analyses were performed with One-way ANOVA with Post-hoc 

Tukey’s test (JMP using p<0.05). Embryonic LNPEP was increased at D15 compared to D10, 

was immunolocalized in the equine trophectoderm and endoderm, and protein was identified by 

LC-MS/MS. Maximal abundance of OXT was at D21, and lowest on D12, and D14. OXTR 

abundance was highest on D14 and D21. The relative abundance of mRNA increased for: ESR1 

on D16 and D21; PGR on D12 and D21; and SLC2A1 which had high expression on D12, D15-

21. Equine embryos have higher expression of PTGES, PTGS2 on D14, D15 and D21; and 

PTGFR on D8, and D12-21. Equine embryos express LNPEP and OXT, along with ESR1, 

SLC2A1, PTGES, PTGS2, PTGFR and OXTR. Embryonic genes and gene products may be 

involved in MRP. 

 

Keywords: Equine embryo, glucose transporters, oxytocin, oxytocinase, prostaglandin 

 

7.1 Introduction 
 

The equine embryo enters the uterus at around 6.5 days post-ovulation (Battut et al. 1997), and 

its passage is mediated through the secretion of embryonic derived prostaglandin E2 (PGE2) 

(Weber et al., 1991; Weber et al., 1992). The transport of the equine embryo is selective as non-

fertilized oocytes are retained in the uterine tube. It has been reported that late morula / early 

blastocyst descend into the mare’s uterus due to relaxation of the uterine tube from embryonic 

PGE2 secretion, while unfertilized oocytes (UFO) remain in the oviduct (Betteridge and Michell 

1972; Betteridge et al., 1979). Upon entering into the uterus, the early embryo is observed to 
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frequently be found in different locations within the uterus, until around day 16 post-ovulation 

(Ginther 1983; Leith and Ginther 1984). The propulsive movement of the embryo to different 

locations within the uterus allows contact between the trophoblast and endometrium and is 

believed to replace elongation of the trophoblast. In most species, the elongation of the 

trophoblast provides essential contact with the endometrium that delivers the “embryonic signal” 

(Spencer and Hansen 2015). Studies showed that the equine embryo must be able to contact two-

thirds of the uterus to initiate MRP (McDowell et al. 1988). This period of time where the 

embryo is found in different uterine locations is termed the “embryonic mobility phase”. 

Secretions of prostaglandins by the equine embryo are believed to initiate uterine contractility, a 

key aspect of MRP (Weber et al. 1992). The administration of flunixin meglumine, a non-

steroidal anti-inflammatory medication, and clenbuterol, a beta agonist, to mares in early 

pregnancy, decreases embryonic movement (Ginther 1984; Leith and Ginther 1984; Stout and 

Allen 2001; Okada et al. 2019). Okada and co-authors (2019) also reported that a PTGS2 (COX-

2) selective NSAID blocker, firocoxib, did not reduce embryo movement compared to control 

and other NSAIDs when administered on day 12 post-ovulation (Okada et al. 2019). Firocoxib 

would be expected to inhibit the inducible synthesis of PGF and PGE but would allow 

constitutive secretion of PGE to continue. Interestingly, Rivera Del Alamo and co-authors (2008) 

demonstrated that water filled balls are also found at different locations within the uterus 

overtime (mostly around the body) as are PGE containing balls (Rivera del Alamo et al. 2008; 

Vanderwall et al. 1993). Vanderwall and co-authors (1993) reported similar movements of these 

devices in the non-pregnant mare uterus and indicated that the embryo may not be initiating its 

own transport (Vanderwall et al. 1993). These studies suggested that embryonic mobility may 

arise from non-embryonic factors. The MRP has been investigated in the mare but unlike other 

domestic animal species, an embryonic factor responsible for blocking the luteolytic mechanism 

has not been identified. An inability to block luteolysis invariably leads to early embryonic 

death, which has negative, costly economic impacts on the equine industry (Aurich and Budik, 

2015). Therefore, understanding the physiology of MRP in mares may help the development of 

future therapies that will ameliorate such losses. 

 A number of investigators have characterized the secretion or expression of steroid 

hormones, steroid receptors, prostaglandins and oxytocin in the early equine embryo (Rambags 

et al., 2008; Stout and Allen, 2002; Vanderwall et al., 1994; Waelchli et al., 2000; Weber et al., 
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1992). The early conceptus secretes estrogen as early as Day 6 (Paulo and Tischner, 1985), and a 

more recent study has corroborated those findings and demonstrated that estradiol (E2), estrone 

(E1) and their sulfates (E2S and E1S) are secreted by early equine embryos (Day 11 - 26) 

(Raeside et al., 2004). In addition, the equine embryo proper has been shown to be capable of 

metabolizing estrogen that is present in the yolk sac (Raeside et al., 2009). Vanderwall and co-

authors have demonstrated that unlike the swine embryo, in which estrogen is the MRP signal, 

administration of estradiol 17-beta into the uterine lumen of the mare failed to extend luteal 

function (Vanderwall et al., 1994). Rambags and co-authors (2008) have investigated the steroid 

hormone receptors in equine embryos (D7-16) and they concluded that the equine trophectoderm 

expresses estrogen receptor beta (ERβ), now known as ESR2, on Day 14-16; but they found that 

estrogen receptor alpha (ERα), now known as ESR1 was not expressed in any of the embryonic 

stages they investigated. In addition, the progesterone receptor (PGR) was expressed in all stages 

of the conceptus examined (Rambags et al., 2008). 

 The equine embryo has also been demonstrated to secrete high concentrations of 

prostaglandin E2 (PGE2) and prostaglandin F2-alpha (PGF2α) (Stout and Allen, 2002). 

However, early studies that attempted to extend luteal function by the intrauterine administration 

of PGE2 failed to demonstrate that PGE2 is the MRP signal (Vanderwall et al. 1994; Gastal et 

al. 1998). In addition, a recent proteomic analysis demonstrated that prostaglandin F2 receptor 

inhibitors (PTGFRN) and a progesterone potentiating protein (FK506) are present in the equine 

blastocoele fluid of day 13 embryos (Smits et al., 2018); however, their roles in MRP are 

unknown.  

The role of oxytocin in equine MRP and in the luteolytic mechanism is not fully 

elucidated. The secretion of luteolytic prostaglandin in nonpregnant mares is believed to be 

mediated through the coupling of oxytocin with its receptor (OXTR) in the endometrium (Sharp 

et al., 1997). Several studies have demonstrated that mares administered once or twice daily 

injections of oxytocin in mid luteal phase maintain luteal function beyond the expected time of 

luteolysis and the luteal tissue continues to secrete progesterone for months (Stout et al., 1999; 

Vanderwall et al; 2007). Budik and co-authors (2012) demonstrated that embryonic trophoblast 

expresses oxytocin (OXTR) and vasopressin receptors (V1aR and V2R); and that the equine 

blastocoele fluid contains oxytocin (Waelchli et al., 2000); but a role of oxytocin in MRP has not 

been well established. There are conflicting reports regarding the presence of luteal and 
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endometrial oxytocin (Watson et al. 1999; Behrendt-Adam et al. 1999) and the presence and role 

of embryonic oxytocin has not been closely examined. Oxytocin is known to cause myometrial 

contractility (Cadario et al. 1999), therefore the release of embryonic or endometrial oxytocin 

may have a role in embryonic movement along with prostaglandin secretion. 

 Oxytocin concentrations are regulated by an aminopeptidase called Oxytocinase 

(LNPEP) (Nomura et al., 2005). Oxytocinase, also known as Leucyl-cystinyl aminopeptidase 

(LNPEP), is both a soluble and transmembrane aminopeptidase that cleaves and inactivates 

oxytocin. The LNPEP is produced by the endoplasmic reticulum and is co-localized in glucose 

transporter 4 (GLUT4) vesicles. The GLUT4 vesicles transport LNPEP, in a process that is 

stimulated by insulin and results in exocytosis in some species (Mastick et al., 1994; Tsujimoto 

and Hattori, 2005). Expression of glucose transporters GLUT1 also known as SLC2A1, and 

GLUT4 also known as SLC2A4, has been identified in the ovine endometrium, and is dependent 

on progesterone, the conceptus factor IFNτ and prostaglandins (Gao et al., 2009; Dorniak et al., 

2012). A recent study demonstrated that equine embryos express glucose transporters on Days 7-

28 (Gibson et al., 2018). However, no studies have investigated the LNPEP in the equine 

embryo. Studies on the expression of  oxytocin and prostaglandin related genes in different 

embryonic ages also warrants further investigation.  

 We hypothesized that LNPEP would be expressed at higher levels at the expected time of 

embryo fixation by the trophoblast, and the OXT would be expressed in the equine embryo. Our 

objectives were to characterize changes and examine relationships between the expression of: 

steroid hormone receptors, glucose transporters, prostaglandin and oxytocin related genes in 

equine embryos from Day 8 through day 21 post ovulation.  

 

7.2 Materials and Methods 
 
7.2.1 Animals 
 

Animal use was approved by the Ethical Committee of the University of Saskatchewan (UCACS 

protocol #2012004). Mares (n= 21) ranging in age from 2 to 19 years, with a mean and standard 

deviation (+SD) age of 10.1 (+ 4.3) were studied. All animals were fed hay, a small amount of 

grain, water and had trace mineral supplementation to meet their nutritional requirements.  
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 During the physiological breeding season, reproductive ultrasound examinations were 

performed every other day until the mares were determined to be in estrus (>30 mm with at least 

a grade 1 uterine edema, soft uterus with no corpus luteum present). During estrus, daily 

reproductive examination was performed. When a 35 mm follicle with grade 2 edema was 

identified, mares received a single injection of an ovulatory induction agent (deslorelin, 1.5 mg, 

intramuscularly) and were bred with semen from a single fertile stallion (>250 million 

progressively motile morphologically normal sperm) every other day until the day of ovulation 

(D0). Mares were randomly assigned to groups for an embryo collection on day(D): D8 (n= 4), 

D10 (n=5), D12 (n=5), D14 (n=6), D15 (n=4), D16 (n=7), and D21 (n=3) for embryonic gene 

expression studies. Another nine embryos (D15, 16 and 18) were collected for protein analysis. 

 

7.2.1.2 Transcervical embryo collection 
 

Embryonic diameter was measured daily with a transrectal ultrasound in a 90º angle and a mean 

of three measurements was calculated through the day of collection except for D8 embryos, 

which were too small to be detected using ultrasound examination. Mares determined to be 

pregnant were placed in the stocks and their tails were wrapped. The perineum was thoroughly 

cleansed. An equine uterine bivona catheter (Bivona, Partnar Animal Health, Ilderton, ON, 

Canada) was placed per vaginum through the cervix and the cuff was inflated with air to seal the 

cervix. The bivona catheter was connected by a long Y-tubing  (Long Foley Y-Junction with 

Tubing, Partnar Animal Health, Ilderton, ON, Canada) and a 75 μm filter (EmCon Filter, Partnar 

Animal Health, Ilderton, ON, Canada) so that 1 L of lactated ringer’s solution at a time was used 

to flush the uterus and recover the embryo in the filter. For D8 embryos, a stereomicroscope with 

a 10-50X magnification was used to search for the embryo, and larger embryos (D10-16), 

embryos were visualized and examined. All embryos were rinsed with PBS several times, D8 

embryos were placed in a cryovial and snap frozen in liquid nitrogen whole, and in the other 

embryos the capsule was removed and frozen separately. Embryos were then stored at -80°C 

until analysis.  

Other equine embryos (n = 9) of varying ages (D15, D16 and D18) were also collected in 

the same fashion for protein analysis through Western blot (WB) and immunohistochemistry 

(IHC). Embryos for WB experiment were snap frozen and stored at -80°C until analysis, and 
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embryos for IHC were placed in 10% formol buffered saline for 24 hours, and then embedded in 

paraffin. 

 

7.2.1.3 RNA isolation 
 

Total RNA was extracted using AllPrep® (Qiagen, Toronto, ON, Canada) reagent (TissueLyser 

LT, Qiagen, Toronto, ON, Canada) from luteal tissue, according to the manufacture’s procedural 

guidelines. Equal volume of 70% ethanol was mixed with the homogenate and transferred to a 

RNeasy spin column for 3-step buffer add-on solution and centrifugation according to 

manufacturer’s protocol. RNase-free water was added to the spin column as the final step to elute 

the RNA. Concentration of the RNA was accessed via NanoDrop (Thermo Fisher Scientific, 

Ottawa, ON, Canada). Samples with 260/280 and 260/230 ratios close to 1.95 and 2.0, 

respectively, were considered pure and used for the analyses. 

 

7.2.1.4 Real-Time RT-PCR (qPCR) 
 

Briefly, 200 ng of RNA sample was incubated with DNase I, Amplification Grade for 15 

minutes at room temperature, according to the manufacture’s protocol. Followed by the addition 

of 1μL of 25 mM EDTA solution to and heating the mix solution for 10 min at 65°C. The 

prepared sample was used for reverse transcription using a High Capacity cDNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Ottawa, ON, Canada), according to the 

manufacture’s user’s guide. All PCR reactions were performed in duplicate and no template and 

no-RT controls were included.  

The mRNA expression was measured by real-time PCR of the following transcripts: 

estrogen receptor 1 (ESR1), progesterone receptor (PGR), oxytocin receptor (OXTR), 

oxytocin/neurophysin I prepropeptide (OXT), leucyl and cystinyl aminopeptidase (LNPEP), 

prostaglandin-endoperoxide synthase 2 (PTGS2), prostaglandin F receptor (PTGFR), and 

prostaglandin E synthase (PTGES), solute carrier family 2 member 4 (SLC2A4) and solute carrier 

organic family member 2A1 (SLC2A1). The sequence of the PGR, OXTR, PTGES and PTGS2 

primers were used from previously published papers (Boerboom et al. 2004; de Ruijter-Villani et 

al. 2015). All other primers for the selected transcripts above were designed with Primer-BLAST 

(National Center for Biotechnology Information) and are displayed on Table 7.1. 
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 For quantification of the relative expression of each gene, Real-time PCR was then 

performed using PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, Ottawa, ON, 

Canada), according to the manufacturer’s instructions and as previously published (Bramer et al. 

2017). Briefly, the reaction was prepared by mixing: 0.5 μL of cDNA (total volume of 10 μL per 

well), 5 μL of PowerUp™ SYBR™ Green Master Mix, 0.2 μL of 10 μM forward and reverse 

primers and 3.5 μL of ddH2O with the thermal cycling condition as follow: one cycle for 10 min 

at 95°C, 40 cycles of 15 sec at 95°C, 1 min at 60°C, and generation of a melt curve. An 

automatic pipetting system was used epMotion Automated Pipetting System (Eppendorf, 

Mississauga, ON, Canada) for all the reactions. A 10-fold dilution of pooled cDNA was used to 

determine primer PCR efficiency, which was defined as 90 to 100% PCR efficiency. Specificity 

of primers was evaluated by a single melting temperature and also by performing a Sanger 

sequencing of each product to confirm the nucleotide sequence. The cycle number where the 

fluorescent signal intersected the threshold (Cq) was determined for each reaction and values 

from replicates were averaged. The averaged Cq of the Real-time PCR was normalized to 

housekeeping gene (GAPDH), by subtracting the Cq for GAPDH to obtain delta Cq. 

 

7.2.1.5 Western blot (WB) for OXT and LNPEP 
 

Sample preparation: equine embryos were homogenized using a pre-chilled mortar and pestle 

method by adding RIPA lysis buffer supplemented with a mixer of protease inhibitor (Santa 

Cruz, Dallas, TX, USA) at ratio of 1g of tissue to 3 mL of lysis buffer. The homogenized 

embryonic tissues were transferred to small tubes and incubated on ice for 30 min and vortexed 

every 10 min. The total crude protein supernatants were obtained after centrifugation at 15,000 

rpm for 10 min. The total crude protein extracts were aliquoted and stored at -20°C until use. 

 

Determination of Protein Concentration: the total protein concentrations from crude extracts 

were determined with Pierce Detergent Compatible Bradford Assay Kit (Thermo Scientific, 

Delaware, MA, USA) based on a standard curve obtained from a series of dilutions of bovine 

serum albumin (BSA) by following the manufacturer’s instructions. 

 



	172	

Gel Electrophoresis and protein transfer: the crude protein extracts (20 ug) were denatured in 

sample loading buffer and separated using electrophoresis in a polyacrylamide gel system  (4-

20% Mini-PROTEAN® TGXTM Precast Gels with Mini-PROTEAN® Tetra Cell using 

Tris/Glycine/SDS Electrophoresis Buffer (Bio-Rad, Hercules, CA, USA)). The separated 

proteins were transferred onto Immobilon-P polyvinylidene difluoride (PVDF) membrane 

(Millipore, Bedford, MA, USA) in Tris/glycine buffer with Mini Trans-Blot® Cell (Bio-Rad, 

Hercules, CA, USA). 

 

Blocking and Antibodies:  the PVDF membranes containing transferred proteins were washed in 

phosphate buffered saline with 0.05% Tween 20 and incubated in blocking buffer (10% goat 

serum, 2x casein in PBS) for 1 hr at room temperature to prevent nonspecific binding. Primary 

antibodies, rabbit anti-oxytocin (ImmunoStar, Hudson, WI, USA, 1:1,000), rabbit anti-LNPEP 

(LifeSpan BioSciences, Seattle, WA, USA, 1:1,000) were diluted in PBS containing 1x casein 

and incubated overnight at 4ºC. To determine epitope-specific binding, a separate PVDF 

membrane was performed in parallel with isotype negative control diluted to equivalent final 

concentration (rabbit IgG at 1:5,000 for LNPEP, rabbit sera at 1:1,000 for OXT). After that, the 

membranes were washed in PBS containing 0.05% tween 20 for 5 min for 3 times, and incubated 

with biotinylated goat at rabbit IgG (Vector Laboratories, Burlingame, CA, USA, 1:1,000 in 

PBS) for 30 min and followed by incubation with streptavidin conjugated to alkaline 

phosphatase (Vector Laboratories, Burlingame, CA, USA, 1:500 in PBS) for 20 min at room 

temperature. The positive staining was visualized by incubation with ImmPACT® Vector® Red 

chromogen (Vector Laboratories, Burlingame, CA, USA). Precision Plus ProteinTM Dual Color 

Standards (Bio-Rad, Hercules, CA, USA) were used for monitoring gel electrophoresis and 

confirmation of proper protein transfer. A separate blot against mouse anti-GAPDH (Santa Cruz, 

Santa Cruz, Dallas, TX, USA, 1:1,000) was used as a loading control. 

 
7.2.1.6 Liquid chromatography tandem mass-spectrometry (LC-MS/MS) 
 

A Coomassie blue stained polyacrylamide gel was run side by side with the polyacrylamide gel 

used for WB to identify immune-positive bands against the antibodies used. The corresponding 

bands in the polyacrylamide gel of the expected molecular weight (MW) for OXT (MW of 10-

17kDa) and LNPEP (MW of 115-150kDa) were excised and submitted for liquid 
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chromatography tandem mass spectrometry (LC-MS/MS) for protein identification to the 

Proteomics Facility at the Institute of Biotechnology at Cornell University. Briefly, the LC-

MS/MS spectra were searched against Equine NCBI2018 database that contained ~245782 

entries. Oxidation of M, deamidation of N and Q were specified as dynamic modifications of 

amino acid residues; carbamidomethyl C was specified as a static modification as previously 

published (Yang et al. 2018). The data set was used to identify the proteins of interest. Protein 

identifications were accepted if they contained at least two identified peptides.    

 
7.2.1.7 Immunohistochemistry (IHC) for OXT and LNPEP 
 

The immunohistochemistry of the equine embryos was performed by the Immunopathology 

Research and Development Core Laboratory at Cornell University. Briefly, 4-μm–thick sections 

of formalin-fixed/paraffin-embedded sections were used for immunohistochemical analysis. 

After deparaffinization in xylene and rehydration in graded ethanol, the sections were subjected 

to antigen retrieval by steaming in citrate buffer (10 mM, pH6.0) for 20 min and followed by 30 

min cooling at room temperature. Then, endogenous peroxidase activity was quenched by 0.3% 

hydrogen peroxide in distilled water for 10 minutes. IHC analysis was performed by using 

ImmPRESS® HRP Goat Anti-Rabbit IgG (Peroxidase) Polymer Detection Kit (Vector 

Laboratories) following the kit instruction. The tissue sections were incubated with primary 

antibodies for 1.5 hr at room temp on an orbital shaker. For LNPEP, the rabbit polyclonal anti-

human LNPEP IgG was purchased from LifeSpan BioSciences, Inc (LSBio, Cat# LS-

B12918/65145) and used at 1:400 for all embryos. For oxytocin, rabbit anti-synthetic oxytocin 

whole serum was purchased from ImmunoStar (cat#20068) and used at 1:500. Negative controls 

were run in parallel by replacing the primary antibody with rabbit IgG for LNPEP and rabbit 

serum for oxytocin at the equivalent final concentration. Nova Red (Vector Laboratories) was 

used as chromogen to visualize antigen localization, and the sections were lightly counterstained 

with hematoxylin. All stained IHC slides were digitized with Aperio CS2 (Leica Biosystems). 

 

7.2.1.8 Statistical analysis 
 

Data analysis was performed with JMP Pro 13.1(SAS Institute Inc.). Histogram and Shapiro-

Wilk test from the residuals was analyzed for normality; the embryo ultrasound measurements 
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and SLC2A1 were not normally distributed, so results were reported from Rank transformed 

data. One-Way ANOVA with a post-hoc Tukey test was used to compare the differences of the 

embryonic ultrasound measurements and the Delta Ct between different Days (8-21). 

Multivariate Analysis (Pearson correlation) was performed to look at correlations with a multiple 

comparison among genes in the different gestational age. Level of significance was set at p<0.05 

for all tests.  

 

7.3 Results 
 

A total of 34 embryos were collected, which included D8 (n = 4), D10 (n = 5), D12 (n = 5), D14 

(n = 6), D15 (n = 4), D16 (n = 7), and D21 (n = 3). Embryonic size was statistically different 

among Days (P-value < 0.0001). Figure 7.1 demonstrates the differences between the embryo 

sizes per day. Furthermore, the comparison of the embryonic gene expression by Day is reported 

in Table 7.2. 

 

7.3.1 Oxytocin related genes  
 
Regarding LNPEP a lower relative abundance was noted in embryos on D10 compared to D15 

(P-value < 0.04). Embryos from D10 and D14 post-ovulation had significantly lower abundance 

of OXTR compared to D21 (P-value = 0.02), and OXT followed a similar pattern and had 

decreased relative abundance in D12 and D14 embryos compared to D21 (P-value < 0.001). 

Figure 7.2A-C demonstrates the relative expression of OXT, OXTR, and LNPEP among 

different embryonic stages. 

 

7.3.1.2 Steroid hormone receptors 
 

Figure 7.3 demonstrates the abundance of ESR1 and PGR for the different embryonic stages. In 

brief, Day 21 embryos had a higher relative expression of ESR1 compared to any other 

embryonic stage (P-value = 0.005). There was decreased expression of ESR1 on D10 and D14, 

and an increase in the relative expression on D15. ESR1 was significantly lower on D10 when 

compared to D12 and D16 (P-value = 0.03). ESR1 was significantly increased on D12 compared 



	175	

to D10 and D21 (P-value = 0.04). Regarding PGR, there was an increase on D12 compared to 

D15 and D16 (P-value = 0.04), and a further increase in D21 embryos (p-value = 0.04).  

 

7.3.1.3 Prostaglandin related genes 
 

In relation to prostaglandin genes, PTGS2 and PTGFR had significantly lower and higher 

expression on D10 and D15, respectively (P-value < 0.001). Figure 7.4A-C demonstrates relative 

expression of PTGS2, PTGFR and PTGES genes among the different embryonic stages.  

7.3.1.4 Glucose transporter genes 
 

The glucose transporter SLC2A1 had much higher relative expression in D12 compared to D10 

and D14, and D16 compared to D10 (P = 0.002). The lowest relative expression was on D8, D10 

and D14 and higher abundances on D12, D15, D16 and D21 (Figure 7.5A-B). Furthermore, 

SLC2A1 was positively correlated to PTGS2 on D14 and 16 (r = 0.81) (P-value < 0.05) and to 

PTGES (r = 0.85) (P-value < 0.02). Day 14 embryo SLC2A4 expression was positively correlated 

to PTGFR (r = 0.98) (P-value < 0.02). 

 

7.3.1.5 Gene correlations 
 

A correlation between the genes by embryonic days was performed and significant correlations 

are shown in Table 7.3. PGR was strongly negatively correlated (r=-0.99, P < 0.01) with ESR1 

and positively correlated (r=0.89, P = 0.04) with PTGS2 in D10 embryos (Table 7.3). ESR1 and 

PGR were positively (r=0.99, P-value = 0.0003) and negatively (r =-0.94, P-value = 0.02) 

correlated with OXTR on D10, respectively. Furthermore, ESR1 was positively correlated with 

OXT (r = 0.98, P-value = 0.03) on D12. OXT was negatively associated with PTGES on D10 (r = 

0.99, P-value = 0.001) and D21 (r = 0.99, P-value = 0.02), but positively associated with PTGFR 

(r = 0.99, P-value = 0.05) on D21. 

 Regarding LNPEP, LNPEP was positively associated with PTGFR on D12 (r = 0.97, P-

value = 0.006), D14 (r = 0.96, P-value = 0.003) and D15 (r = 0.99, P-value = 0.003). In addition, 

there was a positive association of LNPEP with SLC2A4 and with PTGES on D15 (r = 0.99, P-

value = 0.01; r = 0.97, P-value = 0.03, respectively). OXTR was also positively correlated with 

PTGES on D15 (r = 0.99, P-value = 0.01). 
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 The glucose transporters were positively correlated with prostaglandin related genes. 

Briefly, SLC2A1 was positively correlated to PTGS2 on D14 and D16 (r = 0.8, P < 0.05), and to 

PTGES on D16 (r = 0.85, P < 0.02). The SLC2A4 was positively correlated to PTGFR (r = 0.98, 

P < 0.02) and PTGES (r = 0.88, P < 0.02) on days D15 and D16, respectively.  
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7.3.1.6 Western blot 
 

No bands corresponding to the expected molecular size of LNPEP and OXT were identified 

using Western blot of the embryonic tissue. 

 

7.3.1.7 Liquid chromatography tandem mass-spectrometry (LC-MS/MS) 
 

The proteomic analysis of the combined bands excised from the polyacrylamide gel identified 

760 proteins with at least 2 unique peptides. Leucyl-cystinyl aminopeptidase isoform X2 [Equus 

caballus] (LNPEP), accession number: 194216917 was identified with MW of 117.3KDa, but 

OXT was not identified with this technique (Supplementary Table 7.1.1). 

 

7.3.1.8 Immunohistochemistry for LNPEP and OXT 
 

Immunohistochemistry of equine D15, 16 and D18 embryo was performed and demonstrated 

intense nuclear and cytoplasmatic LNPEP uptake in trophectoderm and endoderm (Figure 7.6A 

and C); and no staining was identified on the negative epitope control (Figure 7.6B and D). 

Regarding OXT, no staining was identified in the equine embryo (Figure 7.7E and F). 

 

7.4 Discussion  
 

This is the first paper to identify LNPEP and OXT mRNA in the equine embryo. We accepted 

our hypothesis that LNPEP expression would increase at the expected time of embryo fixation. 

LNPEP likely has a role in local regulation of non-neurophysin bound oxytocin, however we did 

not determine if LNPEP is secreted into the uterine lumen or works predominately within 

membranes or tissues. LNPEP mRNA was significantly less abundant in D10 embryos compared 

to D15 embryos, which may result in more oxytocin being available to facilitate early embryonic 

movement. An increase in LNPEP abundance near the time of fixation on D15 may reduce the 

availability of embryonic, systemic or endometrial oxytocin and result in a cessation of 

embryonic movement. LNPEP was positively associated with PTGFR D12, D14, D15, PTGES 

D15 and SLCA2A4 D15 and may have a role in protection against luteolytic signals. We were 

able to immunolocalize the LNPEP protein to the embryonic trophoblast but did not identify 
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LNPEP using WB methodology. This may be related to the antibody chosen, the amount of 

protein loaded in the gel or high levels of protein degradation during the preparation of the 

samples. Regardless, we were able to show the presence of LNPEP in the early equine embryo 

with mRNA analysis, IHC and LC-MS/MS. 

 We also accepted our hypothesis that OXT would be present in the equine embryo. Our 

identification of OXT expression in the equine embryo would be consistent with the presence of 

oxytocin in the embryonic blastocoele fluid (Waelchli, Shand, Round et al. 2000). Presumably 

OXT may lead to the production of the preprohormone oxytocin/neurophysin I, which would be 

post-translationally processed to yield the nonapeptide oxytocin, which then binds embryonic, 

endometrial and myometrial OXTR. However, the presence of OXT does not necessarily mean 

the peptide is produced in the embryo. Oxytocin, and a closely related peptide vasopressin, are 

neuropeptides. These neuropeptides are produced in the brain in neurons found in specific nuclei, 

such as the supraoptic nucleus, in the brain. Using radioimmunoassays of various homogenates 

of specific sections of the adult rat brain both vasopressin and oxytocin were identified 

(Dogterom et al. 1978).  

Subsequent studies on the ontogeny of these neuropeptides in embryonic rats were 

performed. Buijs and co-authors reported that immunoreactive oxytocin was present in very low 

levels of fetal brain using IHC and RIA of brain homogenates (Buijs et al. 1980). Studies on the 

developing embryonic rat telencephalon, showed that there was a low and unvarying amount of 

the gene for vasopressin expressed from D12-20, however no oxytocin mRNA was detected in 

this time frame (Chen et al. 2000). Oxytocin was not detected in the rat embryo in any quantity 

until post-partum D2 (Choy and Watkins 1979). Similarly, we did not identify oxytocin using 

Western blot, IHC, or ICP-MS/MS in the equine embryo. The equine embryo shares similar 

early life developmental patterns to other mammals (Franciolli et al. 2011). Later in fetal life the 

pituitary and brain nuclei contains oxytocin, and oxytocin has been identified in the fetal 

membranes of some species (Chibbar et al. 1993) including the mare (Rapacz-Leonard et al. 

2020). 

Non-neurophysin bound oxytocin has been reported in the uterine fluid. The hormone 

may arise from different sources including post-translational events following embryonic or 

endometrial secretion of preprooxytocin/neurophysin 1, or from the circulatory system. Under 

our experimental conditions in the D15 and D16 embryo we were unable to connect embryonic 
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OXT expression with the production of oxytocin. Extremely low levels of oxytocin may not be 

detected using IHC or LC-MS/MS, or there may be rapid degradation of the hormone. The 

antibody used in the study should detect oxytocin rather than oxytocin/neurophysin I associated 

with the preprohormone. The anti-oxytocin antibody utilized was raised against synthetic 

oxytocin and was chosen because we aimed to ascertain if OXT and oxytocin had roles in 

regulating uterine contraction, and embryonic mobility. Based on the current data we concluded 

that LNPEP may be an important regulator and not embryonic oxytocin. Embryonic OXT is 

positively related to ESR1 on D12, and negatively associated with PTGES on D12 and D21, and 

positively associated with PTGFR on D21 suggesting an antagonistic role to PTGES. There are 

possible local autocrine, or paracrine pathways that may involve regulation of OXT. This may be 

due to rapid metabolism of oxytocin by LNPEP. Additionally, however we note our antibody 

would likely only detect free oxytocin rather oxytocin-neurophysin associated 1 with the 

preprohormone. Embryonic OXT is positively related to ESR1 on D12, and negatively associated 

with PTGES on D12 and D21, and positively associated with PTGFR on D21 suggesting an 

antagonistic role to PTGES. There are possible local autocrine, or paracrine pathways that may 

involve regulation of OXT. 

 There is conflicting information regarding changes in the relative abundance of OXTR in 

the endometrium, where some studies show no differences between pregnant and nonpregnant 

mares (Klein et al. 2010; de Ruijter-Villani et al. 2015); while other studies have demonstrated 

the opposite at D14, with pregnant mares having lower OXTR compared to nonpregnant mares 

(Sharp et al. 1997; Starbuck et al. 1998). These differences may be attributed to small sample 

sizes and other factors. Budik and co-authors (2012) demonstrated that the early equine embryo 

(D10 - 16) express OXTR. They demonstrated a lower level of OXTR mRNA abundance in D12 

embryos, but stronger stain uptake was identified in D12 embryos for OXTR, perhaps indicating 

a divergence in OXTR mRNA abundance and OXTR protein, with a subsequent decrease in 

immunostaining at D14 (Budik et al. 2012). We noted decreased embryonic abundance of 

mRNA OXTR abundance on D12 and D14. Potentially there are interactions between embryonic 

and endometrial OXTR and secretion of embryonic and endometrial PGF2α. The abundance of 

embryonic OXTR on D10 is associated with ESR1 abundance, and PTGES on D15. 

The uterus has contractile activity in both the pregnant and nonpregnant state that is 

regulated in part by neurohypophyseal derived oxytocin (Cadario et al. 1999). OXT has been 
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suggested to contribute to uterine contractile activity and embryo mobility. In our study, the 

highest relative abundance of OXTR and OXT in the embryos was present on D21, and for OXT 

increased expression was noted to start at D16, which is a time when the embryo is fixed. On 

D15 the abundance of LNPEP is also high which would likely act to decrease OXT induced 

production of oxytocin involved in embryonic mobility. Studies using an endometrial biopsy 

model which was expected to cause Ferguson’s reflex and systemic oxytocin release, showed 

that the pregnant mare’s uterus did not respond to an endometrial biopsy with a large increase in 

PGFM on days 12 and 14, unlike the nonpregnant mare, where high levels of PGFM were noted 

(Sharp et al. 1997). This may be due to silencing of OXTR or interruption of the effects of 

OXTR binding.  

 Contrary to the previously published report by Rambags and co-authors (2008), which 

did not identified ESR1 (ERα) in the equine embryo, our study demonstrated ESR1 to be 

expressed in all the equine embryo stages examines (D8 - D21), with an increase on D12 and 

even higher expression of expression at D21. Estrogens have been demonstrated to be secreted 

and metabolized in the equine embryos, with higher conjugation in the bilaminar trophoblast at 

D12, favouring estrone (E1) in younger conceptuses; and estradiol (E2) in older (D18) 

conceptuses (Raeside et al., 2004). Estrogen secretion and binding to ESR1 may further increase 

ESR1 expression. Furthermore, E1 has been demonstrated to have higher binding affinity for 

ESR1, whereas E2 seems to have equal binding affinity to either ESR1 or ESR2 (Zhu et al., 

2006). The embryonic estrogens may act in an autocrine manner to self-regulate the amount and 

interconversion of E1 and E2 (Raeside et al., 2004). Estrogen secretion and ESR1 expression are 

related to higher levels of OXTR and prostaglandin secretion (Budik et al., 2012; Stout and Allen, 

2002). We identified the highest embryonic abundance of ESR1 on D15, 16 and 21. 

The embryo may have paracrine mechanisms to regulate steroid receptors in the embryo 

and endometrium, as pregnant mares have a decreased expression of ESR1 on D13.5, 14 and 15 

compared to nonpregnant mares (Klein et al., 2010; Klohonatz et al., 2015; McDowell et al., 

1999). This corresponds to reduced ability to respond to exogenous oxytocin with elevated levels 

of prostaglandin. In other species the ESR1 is silenced and OXTR expression is decreased at 

MRP (Fleming et al. 2006). 

The embryonic PGR expression was similar to the ESR1 with higher expression on D12 

and D21, however there was an inversion of expression on D10, where ESR1 had low expression 
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and PGR had high expression. These results are similar to Rambags and co-authors, which 

demonstrated that higher concentration of PGR mRNA at D10 and decreased expression in D14 

embryos (Rambags et al., 2008). The mare has been demonstrated to have high concentrations of 

circulating progesterone during pregnancy (Holtan et al., 1975), and in a more recent study 

spontaneous luteolysis and a subsequent decrease in circulating progesterone was associated with 

pregnancy failure, demonstrating the importance of progesterone in pregnancy maintenance 

(Betteridge et al., 2018).  

 Equine embryo derived prostaglandins have been suggested to mediate uterine 

contraction and therefore may play a role in embryo mobility (Weber et al. 1992). Regarding 

prostaglandin related genes, Stout and Allen (2002) demonstrated that the equine conceptuses 

have high concentrations of PGE2 and PGF2α in the yolk sac, with two to five times higher 

concentrations of PGE2. In the same study, the authors evaluated the concentration of PGF2α in 

the uterine flush fluid of pregnant and nonpregnant mares. They found that pregnant mares have 

negligible amounts of PGF2α during the expected time of luteolysis (D14-16), but PGF2α can be 

found in higher concentrations after D18 (Stout and Allen 2002). Prostaglandin F2α causes 

myometrial contraction, while PGE has been associated with uterine relaxation (Silva et al. 

2014). In other species, PGE also causes uterine contraction (Mueller et al. 2006). Endometrial 

PTGS2 has lower expression at D14 and 15 of pregnancy in mares (Ealy et al. 2010; Atli et al. 

2010; de Ruijter-Villani et al. 2015).  

Embryonic expression of PTGS2 and PTGFR started to increase around D12 achieving 

higher expression at D15 which decreased again by D21. The higher expression of PTGS2 and 

PTGFR at around D15, may be a preparatory event for embryonic fixation by causing maximal 

endometrial vascular perfusion to ensure embryonic fixation and development will take place 

(Silva and Ginther, 2006). Furthermore, ESR1, OXTR and OXT increase in abundance in D21 

embryos, and which may stimulate more endometrial prostaglandin secretion, which is increased 

in endometrial flush fluid by D20 of pregnancy (Stout and Allen, 2002). The relative abundance 

of embryonic PTGES was not affected by embryonic age, but there may be a role for PGE in 

luteoprotection. This experimental design did not allow us to measure changes in the PGE/PGF 

ratio which may be important in luteal function. Further research on the prostaglandin 

transporters (PGT) in the equine endometrium and embryo is warranted as PGT have been 

demonstrated to play a role in the pregnancy maintenance in sows (Jang et al, 2016). 
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The glucose transporters and their role in fetal nutrition and growth have been well 

studied in humans (Illsley et al., 2018); and recently have been investigated in the equine 

endometrium and embryonic trophoblast (Gibson et al., 2018). Furthermore, LNPEP has been 

demonstrated to be co-localized with the insulin responsive glucose transporters 4 (GLUT4) 

(Mastick et al., 1994), and in humans this aminopeptidase has been demonstrated to regulate the 

activity of oxytocin (Nomurat et al., 2005; Tsujimoto and Hattori, 2005). Furthermore, SLC2A1 

has been demonstrated to be regulated in the ovine endometrium by embryonic IFNτ and 

prostaglandins (Gao et al., 2009; Dorniak et al., 2012). Gibson and co-authors (2018) have found 

an upregulation of SLC2A1 on the endometrium of pregnant mares at D14; whereas the opposite 

was found for SLC2A4, a downregulation in the endometrium of pregnant mares were noted. In 

relation to the embryo trophoblast, they identified no difference on SLC2A1 expression on the 

gestational age studied (D14, 21 and 28) and low expression for SLC2A4. Our study compared 

embryos of younger ages. We demonstrated that SLC2A1 had much higher expression at D12, 

with a decrease at D14 and subsequent increase again in later stage embryos (D15-21), but no 

difference on SLC2A4 was identified. It is unknown if the SLC2A1 is regulated by embryonic 

prostaglandins in the equine as has been demonstrated in the sheep (Dorniak et al., 2012); 

however knowing that the equine embryo secretes both PGE2 and PGF2α (Stout and Allen, 

2002) and we also demonstrated a positive correlation to embryonic prostaglandin synthases on 

D14 and D16 with SLC2A1 and with SLC2A4 and PTGFR D15, and PTGES on D15 and D16. 

Further investigation on the endometrial and embryonic glucose transporters in this respect is 

warranted. 

 Functional luteolysis in the mares occurs around day 15 post-ovulation (Ginther, 1998), 

and transfer of D10 embryos to D12 post-ovulation recipient mares prevents luteolysis (Wilsher 

et al. 2010). Therefore, it is reported that critical signal(s) or events associated with MRP must 

be present between D12 and D15 to prevent luteolysis (Aurich and Budik, 2015). Similar to 

previously published studies where linear growth from day 10 to 16 was identified (Ginther, 

1992; Budik et al., 2012), we have demonstrated that the embryonic sizes determined by 

ultrasound measurement (Fig 1) were within normal limits and presumably healthy. Embryonic 

size may be more important in terms of mRNA expression than time post-ovulation and may 

induce some variability in the data which may be amplified by small group sizes. In the future 

much larger sample sizes of embryos may be comparand with the data analyzed by embryo size 
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versus day post-ovulation which may shed light on this question. It has been reported by 

Scaravaggi and co-authors (2019) that there are spatial and temporal differences in gene 

expression in luminal, glandular and stromal endometrial tissues, compared to whole biopsy 

analysis (Scaravaggi et al. 2019), which may be important in understanding the interplay of 

various putative regulators of MRP. 

  Equine embryos have been demonstrated to change location in the uterus 10 to 20 times 

per day, with the highest mobility reported at the time of MRP from D11 to 14 (Leith and 

Ginther 1984; Ginther 1998). Twin conceptuses have been observed to move independently. This 

information of the independent movement of twin embryos was interpreted as evidence that each 

embryo was signaling in some fashion to initiate its own movement (Ginther 1983a). As the 

endometrium does not have a basement membrane, small molecules such as oxytocin may be 

readily transferred to the myometrial tissues, or selectively transported. Uterine contractility is 

decreased at the time of embryonic fixation (Gastal et al. 1996), which suggested that alterations 

in the embryonic signaling mechanism(s) may be responsible for this change. 

 

7.5 Conclusion 
 

Changes in embryonic temporal gene expression were prominent from D12 and D15, and the 

highest abundance for many genes was noted in D21 embryos. Higher abundance of embryonic 

LNPEP on D15 may be associated with embryonic fixation. The high abundance of LNPEP and 

prostaglandin related genes is consistent with low levels of oxytocin and high levels of 

prostaglandin measured in uterine flush fluid of pregnant mares (Watson et al. 2000; Stout and 

Allen 2002). Changes in ESR1 suggest a role for embryonic estrogen, potentially acting in 

autocrine and paracrine matter with LNPEP to regulate the oxytocin available. In addition, the 

high abundance of PTGS2 and PTGES is consistent with prostaglandin E secretion by the 

embryo (Stout and Allen, 2002). It has been reported that pregnancy suppresses uterine luminal 

PGF levels (Sharp 1980), and may be a consequence of prostaglandin transporters which require 

further investigation. The high level of PTGES abundance on D15 may alter the endometrial 

PGE/PGF ratio in the endometrium and have systemic effects that may influence the 

maintenance of the corpus luteum, and further studies evaluating prostaglandin levels and gene 

expression together are indicated. Further research is warranted on LNPEP and glucose 
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transporters, such as determining if LNPEP is colocalized with GLUT4 vesicles and determining 

the involvement in embryo-maternal signaling. 
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Table 7.1. Genes, accession number, forward (5’->3”) and Reverse (3->5) primers 
Symbol Accession number Forward (5' to 3')  Reverse (5' to 3')  

ESR1 NM_001081772.1 ACGATGCCACCAGACCATTT CATGTGAACCAGCTCCCTGT 
PGR XM_001498494.4 GTCAGTGGACAGATGCTGTA CGCCTTGATGAGCTCTCTAA 
OXTR XM_005600468.1 CATCGTGCTGGCCTTCATCGTGTG GGTAGCCGGAGGAGCAGCAGAGGA 
OXT  GATCCCTCCTGCGACCAC CTATGGAGGGGACGAAGGGT 
LNPEP XM_001503684.4  CCTCAGCTCTCGGAGTAGGA TGAAGCCGATCGTTGGTGAA 
PTGS2 NM_001081775.2  GTGACATTGATGCCATGGAG GAATGGTGCCCCAAGTTCTA 
PTGFR NM_001081806.1 CATAGGGCAGGTAGTTCTGCT GACCCCAGTTTTTGAAGGCAA 
PTGES NM_001081935.1 CCACCCCCTAGCCTCGCGAT GGCGAAAGCCTTCTTCCTCAGCC 
SLC2A4 NM_001081866.2 TTCCTCATTGGCGCCTACTC AATGACGATGGCCAGTTGGT 
SLC2A1 NM_001163971.1 TCGCAGTCGGAGTCTCAGGA GTTGTAGCCATACTGCAGGGA 
GAPDH NM_001163856.1 TTGTCAAGCTCATTTCCTGGTATG GTTAGGGGGTCAAGTTGGGAC 
    

Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 (SLC2A4), Solute carrier family member 2A1 
(SLC2A1) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH).  
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Table 7.2. Comparisons by day post-ovulation of selected equine embryonic genes at P<0.05.  
 

Genea Day by Day Difference SEDb Lower CLc Upper CLc P-value 

ESR1 

8 21 6.64 1.49 1.86 11.41 0.003 
10 21 9.10 1.37 4.71 13.48 0.0001 
10 16 3.77 0.96 0.71 6.84 0.01 
10 12 3.40 1.03 0.09 6.71 0.04 
12 21 5.70 1.37 1.31 10.08 0.005 
14 21 8.40 1.34 4.13 12.68 0.0001 
14 16 3.08 0.91 0.17 5.99 0.03 
15 21 6.28 1.42 1.75 10.82 0.003 
16 21 5.32 1.31 1.12 9.52 0.007 

PGR 
15 21 3.42 1.04 0.12 6.72 0.04 
15 12 2.64 0.80 0.08 5.20 0.04 
16 21 3.26 0.96 0.21 6.32 0.03 

  16 12 2.48 0.70 0.25 4.72 0.02 

OXTR 
10 21 5.42 1.45 0.73 10.10 0.02 
14 21 6.03 1.41 1.46 10.61 0.005 

OXT 
12 21 3.11 0.84 0.44 5.78 0.01 
14 21 3.17 0.81 0.59 5.76 0.01 

LNPEP 10 15 1.77 0.54 0.03 3.50 0.04 

PTGS2 

8 15 4.01 0.55 2.26 5.75 0.0001 
8 16 2.06 0.45 0.63 3.49 0.001 
8 14 1.46 0.46 -0.01 2.93 0.05 
10 15 5.66 0.52 3.99 7.32 0.0001 
10 16 3.71 0.42 2.37 5.04 0.0001 
10 14 3.11 0.43 1.73 4.49 0.0001 
10 12 2.11 0.45 0.67 3.55 0.001 
10 21 1.85 0.52 0.18 3.51 0.02 
10 8 1.65 0.48 0.12 3.18 0.03 
12 15 3.55 0.52 1.88 5.21 0.0001 
12 16 1.60 0.42 0.26 2.93 0.01 
14 15 2.55 0.51 0.93 4.16 0.001 
16 15 1.95 0.49 0.38 3.52 0.01 
21 15 3.81 0.58 1.95 5.67 0.0001 
21 16 1.86 0.49 0.29 3.43 0.01 

PTGFR 

8 15 3.64 0.95 0.63 6.65 0.01 
8 21 3.58 1.02 0.33 6.83 0.02 
10 15 5.29 0.90 2.43 8.14 0.0001 
10 21 5.22 0.98 2.11 8.33 0.0002 
10 16 3.61 0.78 1.11 6.10 0.001 
10 14 3.32 0.81 0.74 5.90 0.01 
12 15 3.02 0.90 0.17 5.88 0.03 

SLC2A1 
10 12 22.40 4.84 7.01 37.79 0.001 
14 12 16.40 4.63 1.67 31.13 0.02 
10 16 16.00 4.48 1.75 30.25 0.02 

Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), and Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F 
receptor (PTGFR), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 (SLC2A4) and Solute carrier family 
member 2A1 (SLC2A1); 
a standard error of the difference (SED); bconfidence limit (CL).  
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Table 7.3. Correlation between equine embryonic age in days post – ovulation and gene 
expression of selected embryonic genes  
 

Embryonic 
age (D)a 

Gene variable by Gene 
variable  

Correlation Lower 95% 
CIb 

Upper 95% 
CIb 

P-value 

8 PGR SLC2A4 -0.97 -0.99 -0.07 0.03 
OXT PTGES -0.97 -0.99 -0.10 0.03 

10 

PGR ESR1 -0.97 -0.99 -0.52 0.01 
PGR PTGS2 0.89 0.06 0.99 0.04 
OXTR ESR1 0.99 0.94 0.99 0.0003 
OXTR PGR -0.94 -0.99 -0.30 0.02 
OXT PTGES -0.99 -0.99 -0.88 0.001 

12 OXT ESR1 0.98 0.73 0.99 0.003 
LNPEP PTGFR 0.97 0.61 0.99 0.006 

14 
LNPEP PTGFR 0.96 0.64 0.99 0.003 
SLC2A1 PTGS2 0.81 0.01 0.98 0.05 
SLC2A1 LNPEP 0.84 0.09 0.98 0.04 

15 

PTGFR SLC2A4 0.98 0.33 0.99 0.02 
PTGES PTGFR 0.98 0.37 0.99 0.02 
OXTR PTGES 0.99 -1 . 0.01 
LNPEP SLC2A4 0.99 0.55 0.99 0.01 
LNPEP PTGFR 0.99 0.84 1 0.003 
LNPEP PTGES 0.97 0.13 0.99 0.03 

16 

PTGES SLC2A4 0.88 0.23 0.99 0.02 
PTGES PTGS2 0.93 0.59 0.99 0.002 
SLC2A1 SLC2A4 0.85 0.13 0.98 0.03 
SLC2A1 PTGS2 0.80 0.12 0.97 0.03 
SLC2A1 PTGES 0.85 0.27 0.98 0.02 

21 
PTGES PTGFR -0.99 -1 . 0.03 
OXT PTGFR 0.99 -1 . 0.05 
OXT PTGES -0.99 -1 . 0.02 

aDay; bconfidence interval  
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Figure 7.1. Equine embryonic ultrasound measurements (mm) by embryonic age (Day 10 to 16 
post-ovulation)  
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Figure 7.2. Relative abundance (delta Ct) of oxytocin related genes by embryonic age (Days 8 to 
21 post - ovulation); A) Oxytocin receptor (OXTR), B) Oxytocin/Neurophysin1 (OXT), and C) 
Oxytocinase/Leucine-Cystinyl aminopeptidase (LNPEP). Delta Ct concentration have an inverse 
relationship to mRNA abundance. Differences between days (p<0.05) are indicated by different 
superscripted letters.  
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Figure 7.3. Relative abundance (delta Ct) of steroid hormone receptor genes by embryonic age 
(Days 8 to 21 post – ovulation ); A) Estrogen receptor 1 (ESR1) and B) Progesterone receptor 
(PGR). Delta Ct concentrations have inverse relationship to mRNA abundance. Differences 
between days (p<0.05) are indicated by the different superscripted letters.  
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Figure 7.4. Relative abundance (delta Ct) of prostaglandin related genes by embryonic age (Days 
8 to 21 post - ovulation); A) Prostaglandin-Endoperoxide Synthase 2 (PTGS2), B) Prostaglandin 
F Receptor (PTGFR), and C) Prostaglandin E Synthase (PTGES). Differences between days 
(p<0.05) are indicated by different superscripted letters. 
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Figure 7.5. Relative abundance (delta Ct) of glucose transporter genes by embryonic age (Days 8 
to 21 post- ovulation); A) Glucose transporter protein type 1 (GLUT1) (SCL2A1) and B) Glucose 
transporter protein type 4 (GLUT4) (SCL2A4). Delta Ct concentrations have an inverse 
relationship to mRNA abundance. Differences between days (p<0.05) are indicated by different 
superscripted letters. 
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Figure 7.6. Immunohistochemistry of the equine embryonic membranes at day 15 (A-B), day 16 
(C-D) and day 18 (E-F) post – ovulation demonstrating positive immunostaining for oxytocinase 
(LNPEP) of the trophectoderm and endoderm at 20X (A, C and E) and the corresponding 
negative epitope control (B, D and F).   
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Figure 7.7. Immunohistochemistry of equine embryonic membranes at day16 and day 18 post-
ovulation demonstrating a lack of immunostaining for oxytocin 20X (A,C), and the 
corresponding negative epitope control (B,D).  
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Table 7.1.1. List of selected proteins detected by LC-MS/MS excised from the polyacrylamide 
gel at 10-15KDa and 120-150KDa. Note oxytocinase (LNPEP) was identified (indicated by the 
black border) with the expected molecular weight (MW) of 117.3, but oxytocin/neurophysin-1 
was not detected. 
Checked Protein FDR Confidence: CombinedMaster Accession Description # Peptides # PSMs # Unique Peptides# AAs MW [kDa] calc. pI Abundance: F122: SampleFound in Sample: [S106] F122: Sample

TRUE High Master Protein1333573489 annexin A6 isoform X2 [Equus caballus] 16 22 1 667 75.1 5.81 High
TRUE High Master Protein1333559541 fatty acid synthase isoform X1 [Equus caballus] 21 24 21 3521 386.7 6.28 7243549.44 High
TRUE High Master Protein1333709621 phosphoglycerate kinase 1 [Equus caballus] 14 25 14 417 44.6 8.28 41466793.5 High
TRUE High Master Protein1333564220 eukaryotic initiation factor 4A-I isoform X1 [Equus caballus] 13 19 8 408 46.4 5.59 18891218.2 High
TRUE High Master Protein1333608636 laminin subunit alpha-5 [Equus caballus] 16 20 16 3696 398.7 6.74 12592278.3 High
TRUE High Master Protein545190768 isocitrate dehydrogenase [NADP] cytoplasmic isoform X1 [Equus caballus]19 27 18 414 46.8 7.47 45179188.1 High
TRUE High Master Protein545221374 hypoxia up-regulated protein 1 isoform X1 [Equus caballus] 14 27 14 1001 111.7 5.27 15361413.6 High
TRUE High Master Protein341865569 vimentin [Equus caballus] 14 20 14 466 53.6 5.12 21793229.1 High
TRUE High Master Protein38604884 RecName: Full=Annexin A1; AltName: Full=Annexin I; AltName: Full=Annexin-1; AltName: Full=Calpactin II; AltName: Full=Calpactin-2; AltName: Full=Lipocortin I14 20 14 346 38.7 7.02 38495293.6 High
TRUE High Master Protein1333575043 leucyl-cystinyl aminopeptidase isoform X2 [Equus caballus] 12 14 12 1026 117.3 5.63 6801062.06 High
TRUE High Master Protein164243 transferrin [Equus caballus] 11 13 11 706 78 7.14 8609532.63 High
TRUE High Master Protein112982 RecName: Full=Aspartate aminotransferase, mitochondrial; Short=mAspAT; AltName: Full=Fatty acid-binding protein; Short=FABP-1; AltName: Full=Glutamate oxaloacetate transaminase 2; AltName: Full=Kynurenine aminotransferase 4; AltName: Full=Kynurenine aminotransferase IV; AltName: Full=Kynurenine--oxoglutarate transaminase 4; AltName: Full=Kynurenine--oxoglutarate transaminase IV; AltName: Full=Plasma membrane-associated fatty acid-binding protein; Short=FABPpm; AltName: Full=Transaminase A12 18 1 401 44.5 8.9 High
TRUE High Master Protein1333623082 ADP/ATP translocase 1 [Equus caballus] 9 16 1 298 33 9.8 716234.75 High
TRUE High Master Protein149699192 aspartate aminotransferase, mitochondrial [Equus caballus] 12 17 1 430 47.3 8.98 51871723.4 High
TRUE High Master Protein545178911 ATP-citrate synthase isoform X1 [Equus caballus] 14 15 14 1101 120.7 7.34 13373729.3 High
TRUE High Master Protein126723679 steroid 17-alpha-hydroxylase/17,20 lyase precursor [Equus caballus]8 14 8 508 57.4 8.56 20358608.3 High
TRUE High Master Protein1333559390 keratin 10 isoform X1 [Equus caballus] 11 13 10 604 61.8 5.07 29280045.9 High
TRUE High Master Protein1333553815 xaa-Pro dipeptidase [Equus caballus] 5 9 5 493 54.8 5.95 4885415.28 High
TRUE High Master Protein1333549006 LOW QUALITY PROTEIN: aminopeptidase N [Equus caballus] 10 12 1 967 109 4.96 2367048.75 High
TRUE High Master Protein349605658 Stress-70 protein, mitochondrial-like protein, partial [Equus caballus]8 13 1 475 51.7 5.16 7483919.5 High
TRUE High Master Protein1333593297 receptor-type tyrosine-protein phosphatase F isoform X1 [Equus caballus]10 11 10 1917 213.5 6.57 5544044.75 High
TRUE High Master Protein953868285 profilin-1 [Equus caballus] 7 17 7 140 15 8.28 113290981 High
TRUE High Master Protein1333577800 glutamine--fructose-6-phosphate aminotransferase [isomerizing] 1 isoform X2 [Equus caballus]9 11 9 699 78.8 7.05 8386942.41 High
TRUE High Master Protein1333574359 heat shock 70 kDa protein 4 isoform X1 [Equus caballus] 10 11 10 840 94.5 5.21 14876936.6 High
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CHAPTER 8: GENERAL DISCUSSION AND CONCLUSIONS 
 

 The overall hypotheses for this thesis were to characterize the endometrial, luteal and 

embryonic oxytocin- and prostaglandin- related genes pertaining to the critical time of maternal 

recognition of pregnancy and luteolysis in the equine; and to demonstrated the presence and 

expression of oxytocin in the reproductive tissues and LNPEP in serum and a variety of tissues in 

the mare. We have shown that both OXT and LNPEP are present and expressed in the equine 

luteal tissue of the horse. Even though, we demonstrated the expression of OXT in the equine 

endometrium and embryonic trophoblast through qPCR, we were unable to demonstrate the 

OXT protein through IHC, WB or LC-MS/MS. However, LNPEP was widely distributed in all 

the equine tissues investigated and in serum. LNPEP may regulate OXT available in serum and 

tissue of mares as their levels, however further investigation is warranted to see if there is tissue 

specific activity. We also identified that PTGES may have a luteotrophic role during luetostasis-

induced cycles and in pregnancy as both luteal nd endometrial gene expression were upregulated 

compared to times of expected luteolysis or luteolysis-induced groups. This PhD thesis is the 

first to investigate the luteal gene expression of OXT and LNPEP and the characterization of 

LNPEP in the serum and tissues in the horse. 

For this PhD thesis a series of experiments were designed that were comprised of groups 

of mares in early pregnancy and diestrus (control), along with comparisons between nonpregnant 

mares that received differing treatments to induce early luteolysis, prolong luteal function 

(luteostasis), or change endometrial receptivity. The overall aim of this thesis was to investigate 

the role of putative regulators of equine MRP in endometrial, luteal and embryonic tissues 

through studies on genes expression. To achieve this goal samples from the luteal and 

endometrial tissue were collected on the same day. Furthermore, we performed experiments to 

investigate the role of oxytocin and oxytocinase in this same context with a focus on their role in 

MRP and luteolysis. Due to the fact the oxytocinase has not been characterized in equine tissues 

before, our first goal was to demonstrate the distribution of this protein, with emphasis on 

reproductive tissues. Additionally, we investigated oxytocin and oxytocinase in the equine CL. 

There was a need to confirm if oxytocin was expressed in luteal and endometrial tissue, because 

of conflicting reports. Lastly, we examined the relationship between expression of oxytocin and 

oxytocinase and other luteal genes. 
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8.1 Chapter 2: Evaluation of Diagnostic Utility, Safety Considerations and Effect on 
Fertility of Transvaginal Ultrasound-guided Ovarian Biopsy in Mares 
 

The objective of this study was to study the effects of transvaginal ultrasound guided luteal 

biopsy on luteal function. We investigated if serial luteal biopsies could be performed without 

affecting the luteal function or pregnancy.  

 We performed 183 transvaginal luteal biopsies (TVLB) on D8, D10, D12 and 15 and 

showed that obtaining those tissues did not affect pregnancy rate or disrupt luteal function. 

Additionally, we used the TVLB technique and adapted the technique to obtain transvaginal 

ovarian biopsies (TVOB) in cases of mares with suspected ovarian neoplasia. In some cases of 

suspected ovarian tumors such as granulosa theca cell tumors (GTCT) serum hormonal 

biomarkers may be within the normal range or equivocal, or serum biomarkers are altered but the 

affected ovary is undistinguishable based on transrectal palpation and ultrasound. We 

demonstrated the TVOB technique was useful, and in 4/5 mares a definitive diagnosis of GCT 

was obtained and confirmed with histopathology prior to surgical removal (Diel de Amorim, 

Nairn et al. 2016). Application of this method has the advantage of reducing animal use in 

research, as prior to this development horses were euthanized or ovariectomized to retrieve 

ovarian tissues for investigation. 

 We concluded that TVLB and TVOB are safe and efficacious method to retrieve 

ovarian/luteal biopsies in mares. Furthermore, the TVLB technique was validated as tool that can 

be used when investigating luteal function in the equine and sufficient tissue was collected for 

molecular, cellular and histological investigations.  

 

8.2 Chapter 3: Progesterone levels and days to luteolysis in mares treated with intrauterine 
fractionated coconut oil 
  

The use of intrauterine plant oil, such as coconut and peanut oil, has been previously 

demonstrated to cause luteostasis in the mare, and it was suggested that the oil may cause a 

mechanical barrier to the release of endometrial prostaglandin or that the poly saturated fatty 

acids (PUFA) in the coconut oil would inhibit the prostaglandin synthesis (Wilsher and Allen, 

2011a). Therefore, the intrauterine infusion of coconut oil D10 of diestrus in mares was used in 

an experiment (Chapter 5) to induce luteostasis. However, after infusing two different quantities 
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of the bioidentical coconut oil used by Wilsher and Allen (2011) (1 ml and 0.5 ml) in the uterus 

of mares at D10 of diestrus, we concluded that 1mL of intrauterine coconut oil in mares at D10 

of diestrus shortened the days to luteolysis (DTL) compared to control animals (Diel de Amorim, 

Nielsen et al. 2016). A recent study has also corroborated our findings that the use of intrauterine 

plant oil does not prolong the luteal function in the horse (Campbell et al., 2017), demonstrating 

that the use of coconut oil under our experimental conditions did not prolong luteal function in 

mares. Since this experiment failed to prolong the luteal function, the data was published as a 

separate study and we did not use the luteal tissues retrieved from these mares for gene 

expression analysis. 

 

8.3 Chapter 4: Characterization of serum and tissue oxytocinase and tissue oxytocin in the 
pregnant and nonpregnant mare 
 

Oxytocinase (LNPEP) is an aminopeptidase, which is involved in body homeostasis, as it cleaves 

and inactivates potent peptide hormones like oxytocin and vasopressin (Nomura et al., 2013). 

There were two prior investigations regarding LNPEP in equine serum and placenta. The 

authors’ demonstrated that serum oxytocinase does not differ between pregnant and nonpregnant 

mares, and the molecular weight of oxytocinase in placental extracts is 115 kDa (Ikenaga et al., 

1993,1994). Furthermore, oxytocin/neurophysin I (OXT) has been previously demonstrated to be 

expressed in the equine endometrium by both mRNA analysis and through immunolocalization 

using electron microscopy (Behrendt-Adam et al. 1999; Bae and Watson 2003), but the equine 

corpus luteum was shown to express oxytocin only in the small luteal cells and blood vessels 

(Watson et al. 1999). Therefore, our aims were to characterize equine oxytocinase in serum and 

tissues in relationship to the expression of oxytocin in reproductive tissues of mares. This 

information in this chapter was an important step as it described the methodology used in 

validating the presence (ELISA) and expression (mRNA) of oxytocinase and oxytocin in the 

mare. The following 3 chapters investigated the endometrial, luteal and embryonic gene 

expression in putative genes involved in luteolysis and maternal recognition of pregnancy, with 

an emphasis on oxytocinase and oxytocin.  

 The results of the studies in chapter 4 showed that serum oxytocinase did not differ 

between nonpregnant and pregnant mares. Serum oxytocinase does not increase proportionally to 

the increase in placental mass in mares (Ikenaga et al., 1993). Investigators published that the 



	199	

equine placenta lacks the ability to release oxytocinase from the membrane to the soluble form, 

unlike in homidae (Pham et al., 2009). The cleavage site for releasing the membrane bound form 

of LNPEP into the systemic circulation includes an amino acid sequence (phenylalanine154, 

alanine155) that is not present in the mare. We speculated that LNPEP is delivered via vesicles, 

since it co-localized with GLUT4 vesicles in many species, but this is not true for all tissues or 

perhaps for all species (Tobin et al. 2014). This is unknown in the horse and therefore additional 

imaging or electron microscopy studies should be performed. How oxytocinase reaches the 

circulation or and how it exerts its effects by regulating oxytocin in different reproductive tissues 

also still needs to be determined. In our study, we demonstrated that LNPEP is expressed in 

equine reproductive tissues, and it is also detectable in equine serum, but there is a need for 

additional study. Our results demonstrate that serum oxytocinase is likely not a good biomarker 

for high-risk pregnancies in the horse, as it is in humans. In humans, serum oxytocinase reflects 

placental function and it has been reported that dysregulation of oxytocinase and other factors 

lead to eclampsia (Mituzani et al., 1982; 1985). However, oxytocinase may still regulate 

oxytocin at the tissue level in mares as our results demonstrated that LNPEP is expressed 

ubiquitously in the equine tissues, which was in agreement with studies on mice, human and 

sheep (Laustsen et al. 1997; Yamahara et al. 2000; Kobayashi et al. 2004; Nomura et al. 2013). 

Our results were consistent with a study that demonstrated through autoradiography that the 

ovine myometrium had the highest expression of LNPEP compared to other tissues such as 

endometrium, corpus luteum, follicle wall, liver and kidney (Mustafa et al., 2004). Even though 

the equine pituitary expresses LNPEP, we did not compare the levels of the protein in the 

pituitary to the other tissues through ELISA. Our study did not evaluate the specific activity of 

the LNPEP protein rather we evaluated the level of the protein in U/L by ELISA. The ELISA 

used a capture antibody that was a murine monoclonal antibody produced using the full length of 

a recombinant equine LNPEP sequence produced in E. coli as the immunogen. We further 

confirmed the presence of LNPEP in all the tissues investigated (equine pituitary, liver, kidney, 

myometrium, endometrium, corpus luteum, follicle wall and placenta) through IHC and other 

molecular tools such as Western Blots combined with LC-MS/MS and mRNA analysis. We also 

demonstrated LNPEP mRNA to be expressed in the pituitary, endometrium, myometrium and 

CL.  

 The equine pituitary and CL also expressed oxytocin/neurophysin 1, although 
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endometrial and luteal expression of OXT is at low levels. However, we failed to demonstrate the 

expression of OXT in the equine endometrium or myometrium with all but qPCR. Therefore our 

data differ from what has been previously published by others (Behrendt-Adam et al. 1999; Bae 

and Watson 2003). Behrendt-Adam et al. 1999 work has not be reproduced by others and Bae 

and Watson 2003 study utilized estrus tissue where a higher abundance was detected in cryostat 

sections of non – ciliated endometrial epithelial cells. For the purpose of clarifying what is 

happening at the tissue level we utilized a molecular tool called RNAScope. Table 8.1 shows our 

findings using the variety laboratory techniques in pituitary, endometrium, myometrium, luteal 

and placental tissue. A recent publication by Rapacz-Leonard and co-authors demonstrated 

oxytocin/neurophysin 1 peptide in placental endometrial tissue in pregnant and post-partum 

mares by Western Blot analysis (Rapacz-Leonard et al. 2020).  

There are many possibilities for the different results. There may be variability based on 

the methodology as snap frozen cryosections of endometrium were used in Bae and Watson’s 

study (2003) rather than formalin fixed tissue used in our study. The antibodies chosen were also 

different in our Western Blots compared to Bae and Watson (2003), as we used a polyclonal 

rabbit anti-LNPEP and a rabbit anti-human synthetic oxytocin antibody which would only detect 

free oxytocin. We note that Bae and Watson (2003) described immunoreactive oxytocin in the 

apical region of the endometrial epithelium in non-ciliated cells in secretory vesicles, and they 

noted the most intensive labelling in estrus, which is similar to our qPCR findings where the 

highest abundance of OXT was identified in estrous endometrium. Endometrial OXT has also 

been demonstrated in the pig (Okano et al. 1996).  The lack of immunostaining may be antibody 

and fixative dependent. There may have been problems related to fast protein degradation prior 

to fixation or there may have been post-translational modifications of OXT, as is produced as a 

preprohormone which is then processed into the active hormone.  
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Table 8.1. Summary of the different laboratory and molecular techniques employed to 
detect oxytocinase (LNPEP) mRNA or protein and oxytocin or oxytocin/neurophysin 1 
(OXT) mRNA or protein in a variety of tissues 

Method ELISA Western Blot Immunohistochemistry RNAscope qPCR 

Tissue LNPEP LNPEP OXY LNPEP OXY LNPEP OXY LNPEP OXT 

Posterior 

Pituitary 

+ + + ++ ++ + + n/d n/d 

Endometrium + + - ++ - + - + + 

Myometrium ++ + - ++ - + - + + 

Luteal + + + ++ + + + + + 

Placenta + - n/d + + n/d n/d n/d n/d 

 

 The in-situ hybridization using RNAscope methodology did not identify OXT while 

qPCR produced a product. The RNAscope technique is reported to have improved sensitivity 

compared to conventional RNA in situ hybridization (ISH), which lacks sensitivity required to 

measure low-abundance RNA (Wang et al. 2012). We reported that regarding 

oxytocin/neurophysin 1, the results of our IHC (oxytocin protein), RNAscope (mRNA 

oxytocin/neurophysin 1), Western Blot (oxytocin protein) and LC-MS/MS 

(oxytocin/neurophysin 1 protein) agree that oxytocin is not present, yet we amplified the mRNA 

of OXT using qPCR. This led us to conclude that the protein may not be present in high amounts 

or that posttranslational processing is not producing the peptide. Our attempts to replicate the 

work of Behrendt-Adam and co-authors using their primers were unsuccessful (Behrendt-Adam 

et al. 1999). We found that the primers published in Behrendt-Adam paper did not produce any 

PCR product. Further investigation led us to try other primers using the published BLAST 

sequence that also failed to produce a PCR product. This led us to conclude that the BLAST 

sequence for OXT gene in the NIH database was incorrect. We then predicted based on other 

species similarities what the gene sequence should be and we developed our own primers from 

Exon 3 region of the OXT gene in the corrected sequence, and we concluded following primer 

validation, that OXT mRNA was present in endometrial and luteal tissue; however low levels of 

expression were noted. The information regarding the primer sequence we had validated, and 

gene target area was supplied to the company that developed the RNAscope probe. While the 

RNAscope we utilized did not show any positive signal in the endometrium and myometrium, 

there was signal in the pituitary and luteal tissue; tissues which have been shown in other species 
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to contain oxytocin/neurophysin 1 mRNA and the nonapeptide oxytocin (Rodgers et al. 1983; 

Shirasuna et al. 2007). It is possible that the RNAscope methodology required more optimization 

specific for the endometrium and myometrium, and a lack of a tissue specific optimization may 

produce the different results from the CL and pituitary. Our samples were processed as a single 

batch for the RNAscope. The lack of identification of oxytocin/neurophysin 1 in the 

endometrium and myometrium via IHC, WB and LC-MS/MS could be attributed to 

methodological differences, or post-translational differences in endometrial and myometrial 

tissues that produced these results. As the relative abundance of OXT was not high in the 

endometrium, we concluded that if it is present the endometrium may not be a significant source 

of the peptide hormone and it may exert local action, similar to pigs. In pigs, using cell culture 

systems, the endometrial cells were shown to secrete oxytocin. The concentrations of oxytocin 

reported in the uterine lumen suggests that there is active local secretion of oxytocin, rather than 

simple diffusion from the circulatory or lymphatic system (Shand et al. 2000; Watson et al. 

2000). Watson and co-authors have demonstrated higher concentrations of OXT in the uterine 

flush fluid of estrous mares compared to diestrus and pregnancy. These authors suggested that 

OXT may function as part of a paracrine auto-amplification system of PGF secretion in mares 

(Watson et al. 2000). There is further experimental work to do regarding OXT in mares. 

  Following our examination of LNPEP and OXT in the equine reproductive tissues we 

concluded that LNPEP functions at the tissue level to regulate oxytocin, as we demonstrated that 

compared to the expected time of luteolysis (D15), both luteal OXTR and OXT are upregulated in 

pregnancy (Chapter 6), while the LNPEP is decreased in luteal tissue of pregnant mares  

(Chapter 6). Oxytocin may either act in a luteolytic or luteotrophic manner depending on the 

status of the mares (diestrus or pregnancy) and tissue. Further, in vitro studies with equine 

endometrial and luteal cell should be undertaken to investigate whether estrogen or progesterone 

may influence the level of LNPEP in tissue.  

  

8.4 Chapter 5: Endometrial, and luteal gene expression of neurophysin-oxytocin and 
oxytocinase in carbetocin-treated, meclofenamic acid-treated, oxytocin-treated, diestrus, 
pregnant and estrus mares 
 

 At this point we had: validated the technique to collect luteal biopsy in the mares 

(Chapter 2), demonstrated that the serial TVLB would not affect the luteal function or 
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pregnancy; examined the changes in various putative regulators by day post-ovulation in 

pregnant and diestrus mares; demonstrated that oxytocinase was expressed in a variety of equine 

reproductive tissues, and we identified a low level of luteal oxytocin/neurophysin 1 expression. 

A seven-group study was performed to compare luteal and endometrial gene expression from 

mares that had luteal function shortened, luteal function prolonged, or that lengthened 

endometrial receptivity. Serum progesterone was used to demonstrate when luteolysis occurred 

(P4 < 2ng/ml), and different groups were studied to compare the endometrial gene expression on 

Day 15, and luteal gene expression on D12 and D15 of the cycle. Additionally, we utilized 

aromatase as a marker to confirm that the tissue obtained by TVLB was luteal. 

 The serial and temporal gene expression in the equine corpus luteum has only been 

previously investigated in the equine CL of nonpregnant mares (Slough et al. 2011). Therefore, 

this study is novel in the fact that luteal gene expression was investigated in a seven-group 

comparison, with an emphasis on putative MRP gene regulators, including LNPEP and OXT. 

Furthermore, the mechanism of action of two compounds, of carbetocin and meclofenamic acid, 

have never been previously investigated in mares.  

In this experiment we demonstrated that serum LNPEP was decreased in mares in 

diestrus compared to pregnant mares and mares treated with oxytocin from Day 7 – 14 post-

ovulation on D12-15 of the cycle. We also demonstrated that LNPEP and OXT were expressed in 

low levels in endometrial and luteal tissue.  

OXT and OXTR were similar in PREG, OXY, DIEST and MFA. Furthermore, OXTR was 

significantly increased in PREG mare endometrium compared to ESTR and CARB. This is in 

accordance with the literature that demonstrated no difference at the gene expression level 

between pregnant and non-pregnant mares in endometrial OXTR (Klein et al. 2010; de Ruijter-

Villani et al. 2015); however OXTR immunoreactivity was increased at the time of luteolysis (de 

Ruijter-Villani et al. 2015). The authors suggested that oxytocin may be regulated at the post-

transcriptional level as it is produced as a prepropeptide. Older studies suggested that oxytocin 

receptor density, and binding affinity were possible points of regulation (Sharp et al. 1989). No 

differences in the endometrial gene expression of LNPEP were identified among the groups, and 

since LNPEP in serum was decreased in DIEST compared to pregnant mares, we concluded that 

LNPEP may regulate oxytocin availability. A limitation of this study is that in the endometrial 

and luteal tissue we focused our investigation on the abundance of mRNA, without looking at the 
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post-transcriptional regulation. In vitro studies looking at the regulation of oxytocin by LNPEP 

in various tissues is warranted to understand the role of oxytocin during pregnancy and luteolysis 

in the horse. 

Treatment with carbetocin, a potent oxytocin analog, decreased serum progesterone and 

serum LNPEP, increased the relative abundance of endometrial PLA2G2C, and decreased the 

endometrial and luteal PTGES abundance. Mares administered Carbetocin experienced an early 

return to estrus. Carbetocin treated mares had a similar gene profile to ESTR mares, with the 

exception of an increased endometrial expression of PLA2G2C. The PLA2G2C mobilizes 

arachidonic acid which is rate limiting substance in the secretion of prostaglandin. Additionally, 

mares treated with carbetocin had luteal biopsy cores that when examined immediately after 

biopsy were off colour (white rather than yellow) on the last sampling day, compared to pregnant 

or diestrous mares. The colour of the CARB D12 luteal biopsies was typical for luteal tissue that 

had a decreased blood supply and had already undergone luteolysis such as might be recovered 

on D16 post - ovulation. This study is the first to demonstrate the luteal and endometrial gene 

expression profile of mares treated with carbetocin. Even though no difference in the OXTR, 

OXT or LNPEP were identified at the mRNA level, further investigation is warranted to 

determine if protein levels would differ for both oxytocin and LNPEP in endometrial and luteal 

cell culture systems challenged with carbetocin. 

Meclofenamic acid when administered to embryo transfer recipient mares in mid luteal 

phase, it was reported to increase the window of endometrial receptivity for embryos but did not 

prevent luteolysis in mares not receiving embryos (Wilsher et al. 2010), and reportedly interferes 

with binding of PGE to its receptor in women (Rees et al. 1988). In our study, treatment with 

MFA decreased endometrial PLA2G2C, and increased PTGES. There are conflicting reports on 

the levels of endometrial PTGES in pregnant and nonpregnant mares; one study showed a 

decrease in endometrial expression of PTGES in pregnant mares at D14 (Atli et al. 2010), while 

one study reported no difference at D15 (Boerboom et al. 2004). Several in vitro studies have 

demonstrated that early and mid-cycle CL produce significant amounts of PGE2, and that PGE2 

promotes the transcription of steroid acute regulatory protein (StAR), suggesting that PGE acts in 

luteotropic fashion in the equine CL (Lukasik et al. 2014; Galvão et al. 2016). Even though our 

study did not identify differences between pregnant and diestrus mares PTGES, there is 

mounting evidence that PGE has a role in CL function. Investigations on the endometrial and 
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luteal protaglandin transporters and prostaglandin E subtype receptors should be undertaken in 

the future to understand their roles in carbetocin, meclofenamic acid, and oxytocin treated and 

pregnant mares. Other limitations of this study are that: we evaluated the endometrium on a 

single day, either Day 12 or Day 15 post-ovulation which may not have been the optimal day to 

reveal differences; we evaluated luteal tissue on Day 12 and Day 15 which may also have not 

been the optimal days to reveal differences; we did not evaluated post-translations processes: 

some of the gene expression changes may have been obscured by the small group sizes and the 

loss of statistical power in this seven way comparison. Smaller group comparison studies, such 

as pregnant and nonpregnant mares looking at the oxytocin, LNPEP and PGE roles were 

therefore planned. 

Table 8.2 and 8.3. demonstrates the summary of endometrial and luteal gene expression 

in chapter 5.  
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Table 8.2. Endometrial relative mRNA abundance of a variety of genes1 on day (D)15 in: 
estrus (ESTR), diestrus (DIEST), pregnant (PREG), carbetocin treated (CARB D12 and 
D15), meclofenamic acid treated (MFA), and oxytocin treated (OXY) mares. Light shaded 
grey squares denote differences. The gene expression was categorized as High if Delta Ct 
went from negative to 2; Mod high expression from 2-5; Moderate from 5-9 and Low>10. 

1Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Phospholipase A2 group IIC (PLA2G2C), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 
(SLC2A4) and Solute carrier family member 2A1 (SLC2A1).  

Endometrial D15 
mRNA ESR1 PGR OXTR OXT LNPEP PTGS2 PTGFR PTGES PLA2G2C SLC2A4 SLC2A1 
ESTR High 

 
High 
 

Mod 
High 
 

Mod 
(higher 
than 
OXY 
MFA) 

Mod Mod Mod  Mod high 
Estr <  
Diest, Oxy, 
MFA 

Mod high Mod Mod 
high 

DIEST High 
 

Mod 
high 
 

Mod 
high  

Low  Mod Mod 
 

Mod Mod high  
Diest > Estr 

Mod high Mod 
Diest > 
Carb 12 
 

Mod 
high 
 

PREG High 
 

Mod 
high 
 

High  
 

Low  
 

Mod 
 

Mod   
 

Mod  
 

Mod High 
(same as 
Diest, Oxy, 
MFA) 

Mod 
high 

Mod High < 
Carb, 
Oxy, 
Diest 
 

CARB 
D12  

High  High 
 

Mod 
high 
 

Low  
 

Mod 
 

Mod 
 

Mod  
 

Mod high 
same as 
Estr 

High 
 

Mod Low 
 

CARB 
D15 

High High Mod 
high 
 

Low Mod Mod Mod Mod high 
same as 
Estr 

High Mod Mod 

MFA High  Mod 
high 
 

High  Low  Mod 
 

Mod 
 

Mod  
 

Mod High 
(same as 
Diest, Oxy, 
Preg) 

Mod high 
<Carb 
12,15 

Mod 
high 
>Carb 
D12 

Mod 
high 

OXY High  Mod 
high 

High 
 

Low  
 

Mod  
 

Mod  
 

Mod  Mod high 
(same as 
Diest, Preg, 
MFA) 

Mod 
high 

Mod 
 

Mod 
high 
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Table 8.3. Luteal relative mRNA abundance of a variety of genes1 on day (D)12 and 15 in: 
diestrus (DIEST), pregnant (PREG), carbetocin treated (CARB), meclofenamic acid treated 
(MFA), and oxytocin treated (OXY) mares. Light shaded grey squares denote differences. 
The gene expression was categorized as High if Delta Ct went from negative to 2; Mod 
high expression from 2 – 5; Moderate from 5 – 9 and Low >10.  
 

1Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 (SLC2A4) and Solute carrier family member 
2A1 (SLC2A1); n/c means no change between D12 and 15. 
 
 

8.5 Chapter 6: Endometrial gene expression in pregnant and nonpregnant mares from 
Days 8 to 15 post-ovulation 
 

 We previously investigated the luteal and endometrial gene expression in the context of 

natural luteolysis and natural and induced luteostasis. In Chapter 6 we characterized the 

endometrial and luteal gene expression in pregnant mares on the following days post-ovulation: 

8, 10, 12 and 15. Our analysis showed that the majority of the differences in endometrial gene 

expression of the putative regulators of MRP occurred at D12. The increased relative abundance 

on D12 post-ovulation in endometrial tissue included: PTGES (highest on D12 in both DIEST 

and PREG), OXTR (where expression was highest among the days in both DIEST and PREG) 

and LNPEP and OXTR (highest expression on D10 and D12 in PREG and DIEST). Changes in 

abundance in luteal tissue included prostaglandin related genes PTGS2 (increased in both D10 

and D12 both groups and D12 greater than D15), PTGFR (increased in D12 DIEST greater than 

D15 PREG), and PTGES (increased in both groups on D12), and SLC2A1 (PREG was high on 

D12 and D15). We concluded that the critical period for maternal recognition of pregnancy 

based on gene expression was likely to be around D10-D12. Our findings differ from some other 

authors which have identified that PTGFS, PTGES and PTGS2 are decreased in pregnant mare 

endometrium on D14 compared to non-cycling ones, however we only evaluated D15 (Atli et al. 

2010) and a direct comparison in not possible. A majority of the investigations in regard to gene 

expression, centered around D13.5, D14 and D15, prior to luteolysis. Atli and co-authors found 

mRNA ESR1 PGR OXTR OXT LNPEP PTGS2 PTGFR PTGES SLC2A4 SLC2A1 
DIEST Mod 

n/c 
Mod 
n/c 

Low  
n/c 

Low  
n/c 

Mod 
n/c 

Mod 
n/c  

High 
n/c 

High 
n/c 

Mod 
n/c 

Mod 
n/c 

PREG Mod 
n/c 

Mod 
n/c 

Low  
n/c 

Low  
n/c 

Mod 
n/c 

Mod 
n/c 

High  
n/c 

High 
n/c 

Mod 
n/c 

Mod 
n/c 

CARB Mod high 
n/c 

Mod 
n/c 

Low  
n/c 

Low  
n/c 

Mod 
n/c 

Mod 
n/c 

Mod 
n/c 

Mod 
n/c 

Mod 
n/c 

Low 
n/c 

MFA Mod high 
n/c 

Mod 
n/c 

Low to 
Mod 

Low to 
Mod 

Mod 
n/c 

Mod 
n/c 

High 
n/c 

High 
n/c 

Mod  
n/c 

Mod  
n/c 
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more significant differences than in our study; however this could be attributed to the lack of 

power as a 7-way comparison was performed, making some of our gene changes trending 

towards significance, and with some of them not reaching significance (Atli et al. 2010). 

Additionally, we suggested that endometrial PTGES may function by increasing PGE synthesis, 

which is luteoprotective, and may supplement embryonic PGE secretion. Stout and Allen (2002) 

had previously demonstrated that the equine embryo produces significant levels of both PGE2 

and PGF2α. The total production of PGE may be increased and thus the ratio of PGF to PGE 

reaching the CL may be altered which would prevent the return to estrus. Atli and co-authors 

(2010) have demonstrated that the prostaglandin E subtype receptor 2 (PGER2) was increased in 

D14 and 15 pregnant mare endometrium compared to nonpregnant mares, but not PGER4 (Atli 

et al. 2010). We did not investigate the PGE receptors subtypes, and therefore investigating the 

prostaglandin subtype receptors and prostaglandin transporters in the equine endometrium, CL 

and embryo should provide more information on the role of PGE during MRP in the horse. 

 In the luteal tissue LNPEP expression was lower on D15 PREG compared to D15 DIES 

and lower than both groups on 10 and 12 DIEST, and luteal OXT was higher on D15 in DIEST 

and PREG mares. Furthermore, endometrial OXT had an overall higher abundance with D10 

PREG greater than D8 and D15 of both groups. The OXTR of D15 PREG was higher than D15 

DIEST, indicating upregulation in pregnancy. Both SLC2A1 and SLC2A4 have the same general 

pattern with increased expression in pregnancy on Day 12 and then decreasing on D15. It has 

been suggested that both OXT and LNPEP are present in secretory granules. LNPEP has been  

co-localized with GLUT4, which is insulin responsive, and this may affect the delivery or 

bioavailability of these products. The changes in LNPEP were more dramatic in luteal tissues 

compared to endometrial tissue which we interpreted to mean that the regulatory role of this 

peptidase may be more important in the corpus luteum than in the endometrium as the overall 

relative abundance of OXT in the endometrium is not high nor particularly variable. It is possible 

that the OXT is not translated or post-translational modification of the prepropeptide is a point of 

regulation. The group sizes were small in this study and this likely influenced the results.  

Further investigations on the role of OXT and LNPEP are warranted during early pregnancy. 

Table 8.4 and 8.5. demonstrates the summary of endometrial and luteal gene expression 

in chapter 6. 
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Table 8.4. Endometrial relative mRNA abundance of a variety of genes1 on day (D)8-15 
post-ovulation: diestrus (DIEST) and pregnant (PREG) mares. Light shaded grey squares 
denote differences. The gene expression was categorized as High if Delta Ct went from 
negative to 2; Mod high expression from 2 – 5; Moderate from 5 – 9 and Low >10.  

1Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Phospholipase A2 group IIC (PLA2G2C), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 
(SLC2A4) and Solute carrier family member 2A1 (SLC2A1); n/c means no change between Days. 
 

Table 8.5. Luteal relative mRNA abundance of a variety of genes1 on day (D)8-15 post-
ovulation: diestrus (DIEST) and pregnant (PREG) mares. Light shaded grey squares denote 
differences. The gene expression was categorized as High if Delta Ct went from negative to 
2; Mod high expression from 2 – 5; Moderate from 5 – 9 and Low FC >10. 
 

1Estrogen receptor 1 (ESR1), Progesterone receptor (PGR), Oxytocin receptor (OXTR), Oxytocin/neurophysin I prepropeptide 
(OXT), Leucyl and cystinyl aminopeptidase (LNPEP), Prostaglandin-endoperoxide synthase 2 (PTGS2), Prostaglandin F receptor 
(PTGFR), Prostaglandin E synthase (PTGES), Solute carrier family 2 member 4 (SLC2A4) and Solute carrier family member 
2A1 (SLC2A1); n/c means no change between Days. 

Endometrial D8 – D15 
mRNA ESR1 PGR OXTR OXT LNPEP PTGS2 PTGFR PTGES PLA2G2C SLC2A4 SLC2A1 
DIEST High 

n/c 
 

Mod 
high 
n/c 

Mod 
high D8, 
D10 -
↑High 
D12 - 
↓Mod 
high 

Low  
n/c 

Mod 
D8, 
D10 -
↑Mod 
D12-
↓Mod 
D15 

Mod 
n/c 

Mod 
High 
n/c 

Mod 
high 
D8, 
D10 -
↑D12- 
↓Mod 
high 
D15 
 

High D8, 
D10, D12 
- ↓Mod 
high D15  
 

Mod D8, 
D10 - 
↓Mod 
D12, D15   

Mod High 
D8, D10  - 
↑High D12 
- ↓D15 
 
 

PREG High 
D10>
D15 
 

Mod 
high 
n/c 

Mod 
high D8 
- ↑ D10, 
D12, 
D15 
 

Low  
D8-↑ 
Low 
D10, 
D12 - 
↓D15 

Mod 
n/c 
(Preg 
D8, 
D15 
<Dies 
D12) 

Mod  
n/c 
(Preg 
D15 
>Diest 
12) 

Mod 
D8, 
D10, 
D12 - ↓ 
Mod 15 

Mod 
high 
D8- 
↑ High 
D10, 
D12 - ↓ 
Mod 
high 
D15 

High, 
D10, - 
↓Mod 
high D15  
 

Mod  D8 - 
↑mod D12 
-  ↓D15 
 

Mod D8 -
↑High D10, 
D12 - 
↓Mod  D15 
 
 

mRNA ESR1 PGR OXTR OXT LNPEP PTGS2 PTGFR PTGES SLC2A4 SLC2A1 
DIEST Mod 

D12>D
8 

Mod 
n/c 

Low -
↑Low 
D8<D15 

Low -
↑Mod 
D8<D1
5 

Low D8 
-↑Mod 
D10,12, 
15 

Mod D8-
↑Mod D12-
↓D15 

High 
D8,D10
-↑High 
D12,D1
5 
 

High D8, D10 -
↑High D12- 
↓High D15 
 

Mod 
n/c 

Mod 
n/c 

PREG Mod 
D12>D
8 

Mod 
n/c 

Low -
↑Low 
D8<D15 

Low -
↑Mod 
D8<D1
5 

Low 
D8-
↑Mod 
D10-12 
-↓Low 
D15 
 

Mod D8-
↑Mod D12-
↓D15 

High 
n/c 

High D8 - 
↑High D10 D12 
- ↓Mod high 
D15 

Mod 
n/c 

Mod 
n/c 
(Preg 
D12, 
D15 
>Dies 
D12, 
D15) 
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8.6 Chapter 7: Comparison of equine trophoblastic gene expression from day 8 – 21 post-
ovulation 
 

To further our understanding of MRP on gene expression we investigated embryonic gene 

expression which is presented as Chapter 7. The majority of embryonic gene expression changes 

were present in D12 and D15 embryos, where ESR1, PTGS2, PTGFR and LNPEP were 

increased; but no difference on OXT or PTGES was detected when we compared the different 

embryonic ages. Furthermore, we immunolocalized LNPEP in the equine trophectoderm and 

endoderm and also identified this protein via IHC and LC-MS/MS. Similar to our struggles with 

oxytocin/neurophysin 1 in the endometrium we were unable to immunolocalize or identify 

oxytocin protein in the equine trophoblast; however we demonstrate that the equine embryo 

expressed low levels of OXT mRNA; the inability to demonstrated the presence of oxytocin 

could have been due to fast protein degradation during tissue handling, tissue extraction, tissue 

preparation or due to degradation during storage.  

Watson and co-authors reported that endometrial oxytocin in uterine lavage fluid in 

pregnant mares at D14 was lower than cycling mares (Watson et al. 2000); and they also 

reported oxytocin to be immunolocalized in the luminal epithelial. Furthermore, Waelchli and 

co-authors identified oxytocin in the equine blastocoel fluid (Waelchli et al. 2000). The differing 

results could be due to different techniques, antibody used and handling related degradation 

during storage. In addition, we attempted to immunolocalize OXT in the equine trophoblast. The 

antibody did not cross react with neurophysin, which is what the primers were produced to 

recognize. This work should be repeated using different antibodies and possibly cryostat 

sectioned tissues. We did not measure OXT in the uterine flush fluid or fluid of the early 

blastocyst. However, we showed that the equine trophoblast expresses OXT mRNA. 

The role of LNPEP in the embryo we anticipate would be to metabolize any endogenous 

embryonic, endometrial or pituitary origin oxytocin, vasopressin or other related peptides. In 

other species such as sheep, LNPEP increases during estrus or with estrogen treatment (Mustafa 

et al. 2004). Estrogen and not progesterone is believed to have a main regulatory role in the 

expression of LNPEP. However, in our study of seven groups (Chapter 5) which included an 

estrus group there was little variation between groups on D15 in LNPEP, but there was more 

variation noted by day post-ovulation in our other study on days post ovulation (Chapter 6). We 

believe that studies on the myometrial changes of LNPEP are needed as this tissue was identified 
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as having the highest levels of LNPEP (Chapter 4) and this tissue is likely a main target for 

oxytocin. Our data from Chapter 6 showed that endometrial levels of LNPEP and OXT had the 

highest levels of endometrial expression on Days 10 -12. When evaluated with the seven-group 

study of Chapter 5 we note that on D15 the highest levels of expression of OXT were present in 

Estrus and CARB treated mares suggesting that estrogen may have regulatory role in expression 

of OXT. The data on correlations between genes also supports this conclusion. Embryonic 

estrogens may regulate embryonic LNPEP and endometrial OXT. Further research on the 

regulation and role of embryonic, endometrial and luteal LNPEP is warranted to understand 

MRP.  

The equine embryo secretes high levels of PGE2 and PGF2α (Stout and Allen, 2002), and 

since it has receptors for OXT and has demonstrated to have OXT in its blastocoel fluid 

(Waelchli, Shand, Round et al. 2000; Budik et al. 2012), it has been suggested that both 

prostaglandins and oxytocin may contribute to the embryonic mobility. Additionally, other 

authors have demonstrated that administration of non-selective NSAIDs to mares will decrease 

embryonic mobility (Okada et al. 2019), but were most effective when PTGS1 and PTGS2 

blockers were utilized. Firocoxib administration, a selective PTGS2 inhibitor, did not affect 

embryo mobility suggesting PGE may be sufficient for mobility. However, it is unknown how 

much contribution PGE2 and OXT have on embryonic mobility. Our data showed that LNPEP 

was less abundant in D10 compare to D15 when embryonic fixation occurs (D15). Future studies 

on protein levels of LNPEP, potentially in vitro studies using LNPEP inhibitors to determine the 

effects on oxytocin, studies on the transfer of LNPEP through GLUT-4 and to the cell 

membrane, should be combined with an examination of the interrelationships with OXT and 

oxytocin. 
	
8.7 Limitations 
 

In Chapter 4, we used ELISA to determine different tissue LNPEP concentration, and followed 

with a western blot analysis to identify the protein. For the Western Blot analysis, we included an 

extra tissue, the pituitary, which we had not run in the ELISA experiment. This is a limitation as 

we would have been able to compare the ELISA and Western blot results to quantify this protein 

by both methods. We were unable to identify and immunolocalize oxytocin in the equine 

endometrium and myometrium in diestrus mares, and therefore the use of estrous mares’ tissues 



	212	

should have also been investigated. Furthermore, radioimmunoassay or ELISA could have been 

used in the uterine lavage fluid to detect OXT as previously demonstrated by Watson and co-

authors (2000). Additionally, our study did not investigate the effect of LNPEP on OXT tissue. 

In vitro studies should be carried to measure the OXT availability in the different reproductive 

tissues of horses challenged with both LNPEP and LNPEP inhibitors. 

Chapter 5-7 centered on the gene expression of the equine endometrium, CL and embryo, 

and therefore, the posttranscriptional modifications have not been investigated in those chapters. 

Post-translational studies on receptor density and affinity would provide needed information. 

Additionally, only associations of genes that are up or downregulated can be drawn from those 

experiments, and therefore we are unable to prove that LNPEP is regulating OXT at the 

endometrial and luteal tissue level during the period of maternal recognition of pregnancy. 

Furthermore, there are very few studies on the equine luteal tissue during early pregnancy, and 

information on protein levels in the equine CL during the critical period of MRP and luteolysis is 

warranted. However, due to the fact that we took 2-4 luteal biopsies from each mare, and they 

are 14G biopsy core samples, yielding small amounts of tissue, we did not have enough tissue to 

study the tissue using all desirable tests such as Western Blots or immunohistochemistry 

analysis. 

 Additionally, progesterone hormone membrane receptors and prostaglandin transporters 

could have been investigated, as this would have contributed to the body of knowledge that is 

missing in the equine literature in respect to the expected time of luteolysis and MRP. 

 The transcriptome of the luteal tissues during critical period such as D12 would have 

added to the body of knowledge in the luteal gene regulation during pregnancy.  

 We conclude that LNPEP does not seem to change based on pregnancy status. Serum 

LNPEP and tissue LNPEP regulate circulating OXT which is largely of neurohypophyseal origin 

during early or late pregnancy; however further studies on the effect that LNPEP has on OXT at 

the tissue level should be carried out. We were able to demonstrate that the equine CL expresses 

OXT, and it may be that it has local effects and increases progesterone secretion. Luteal OXY 

does not seem to be a major driver of endometrial PGF secretion during luteolysis. It may 

function to regulate blood flow and have a role in luteal cell death. There may be a mechanism in 

which estrogen (ESR1), OXTR and LNPEP regulate the available OXT in the equine embryo, 

endometrium and luteal tissue to maintain a balance of this neuropeptide for a successful 
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establishment of pregnancy. Furthermore, we demonstrated an increase in PTGES during critical 

periods of luteal function to main pregnancy, which corresponds with the literature as PGE2 has 

a luteotrophic role. We suggest that there may be shift from PGF2α:PGE during critical periods 

of MRP to avoid luteolysis and maintain the luteal function needed for a successful pregnancy. 
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CHAPTER 9: FUTURE DIRECTIONS 
 
Our overall goal was to understand LNPEP and OXT gene expression and regulation during 

MRP and luteolysis. This thesis investigated the equine LNPEP and OXT in reproductive tissues 

and other putative gene regulators in endometrial, luteal and embryonic trophoblast in mares. In 

our earlier studies we were seeking to unravel the complexities of MRP through comparing 

diestrus and pregnant mares with mares that were treated to induce luteostatis (oxytocin), have a 

shortened luteal phase (carbetocin), altered endometrial receptivity (meclofenamic acid). We also 

evaluated and compared various endometrial and luteal genes in pregnant and diestrus mares at 

different days post-ovulation where we had both tissues to evaluate over time. There continue to 

be many unanswered questions about the tissue locations for and role of oxytocin in MRP in the 

mare. Some basic information on prostaglandin secretion in mares at the time of MRP is missing 

as there has been less investment in research in MRP in mares. In many species the interplay 

between oxytocin and prostaglandin in luteolysis and pregnancy has been fully characterized, but 

there is less information in the mare. There was a need to understand how oxytocin is regulated 

at this critical period of embryo development and to determine how it influences embryonic 

mobility, embryonic fixation, and luteal function. We were able to demonstrate the presence of 

LNPEP in all the equine tissues evaluated. Our data points to embryonic LNPEP as a possible 

factor in embryonic fixation. Based on our studies of pregnant mares our data indicate that local 

tissue regulation of LNPEP is likely highly important. The mechanism of how LNPEP is 

transported to the cellular membrane and if it is colocalized with GLUT4 and whether it is 

secreted into the uterine lumen and circulation requires further study. 

We noted OXT was present in luteal, embryonic and endometrial tissues however we 

were unable to demonstrate oxytocin at the protein level in endometrium or in the trophoblast. 

We note that other investigators were unable to identify OXT in the endometrium using 

previously published primer sequences, and with other primers made against the published gene 

sequence. We deduced that there was an error in the published genebank oxytocin sequence and 

using new primers the presence of OXY in tissues has been demonstrated. A failure to identify 

oxytocin may be due to the very low tissue levels of the protein and rapid metabolism of 

oxytocin by LNPEP and other tissue proteases. As a potent nonapeptide, oxytocin may be tightly 

regulated, and it is possible low levels still exert potent effects. Other studies reported that 

oxytocin is present in higher quantities in the endometrium of estrus than diestrus or pregnant 
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mares and this should be further investigated. Our study did not investigate the post-

transcriptional processing of the OXY gene product, and future studies are warranted as the 

presence of the mRNA of the prepropeptide oxytocin/neurophysin 1 may not always directly 

relate to the presence of free oxytocin. Our antibody used in the western blot did not detect 

neurophysin, hence a comparison of neurophysin bound and free oxytocin in tissues should be 

performed. Additionally, how embryonic, luteal and endometrial oxytocin and PGE may 

contribute to luteal function requires further study. Oxytocin has tissue specific and time 

dependent effects. In luteal tissue oxytocin may be predominately luteotrophic, in endometrial 

tissue it may facilitate prostaglandin secretion.  

There is a need to understand the role of prostaglandin E and its receptors during MRP in 

mares. Studies on the changes in PGE secretion at the time of pregnancy recognition and its 

association with oxytocinase and oxytocin in luteal regulation and endometrial receptivity are 

warranted. Luteal and endometrial cell culture systems should be developed to understand the 

role of LNPEP in the regulation of oxytocin at the tissue level. Luteal cell culture may provide 

powerful insights into cellular functions by investigating various inhibitors of oxytocin and 

actions of analogues such as carbetocin. Furthermore, additional imaging methods such as 

RNAscope or immunoelectron microscopy should be undertaken to investigate the subcellular 

location of both oxytocin and oxytocinase in the equine endometrium.  

 Change in the ratio of PGE2 to PGF in the endometrium at the time of pregnancy 

recognition and in diestrus should be investigated, with attention to the prostaglandin 

transporters and prostaglandin E subtype receptors. This information will provide a better 

understanding of the presence and role of various prostaglandins, which may shift from more 

luteolytic to more luteotrophic prostaglandins from the endometrium, embryo and CL at the time 

of MRP, as all of these tissues are sources of prostaglandin during early pregnancy.  

 Lastly, there have many studies investigating the transcriptome of the bovine corpus 

luteum to identify signaling mechanisms important for luteal function; however, no published 

research has been performed in the horse, and this would greatly increase our understanding of 

the equine luteal regulation during pregnancy and luteolysis.   
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