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Summary

The corpus luteum (CL), via progesterone production, plays a central role
in the regulation of cyclicity and in the establishment and maintenance of
pregnancy in ruminant species. In the absence of an embryonic signal, the
CL will regress functionally and then structurally. Pulses of prostaglandin
F2a (PGF2a) from the uterus reach the ovary via the vascular utero-ovarian
plexus causing the demise of the CL. Although it is well established that
PGF2a. is the principal luteolytic hormone in ruminants, many aspects
of its function are still being debated. The successful establishment of
pregnancy requires inhibition of uterine PGF2a actions, prolongation,
or maintenance of luteal function and the continuous secretion of
progesterone. The conceptus signals its presence by releasing interferon tau
(IFNT). IENT acting directly on the endometrium by various mechanisms
and possibly also on the CL activates antiluteolytic responses that protect
the function of the CL. PGE,, synthesized by the endometrium and the CL,
could also induce processes that are important for maintenance of luteal
function in pregnancy. The mechanisms controlling luteal regression or
its maintenance by the coordinated actions of PGF2a., IFNT, and PGE,
are discussed.

Introduction

The corpus luteum (CL) is a transient endocrine gland critically important for reproductive
success; it is involved in regulating the estrous cycle and in establishing and maintaining
pregnancy due to the production of progesterone (P4). The new CL develops from those cells
that remain in the follicle, granulosa and theca cells, which undergo differentiation soon after
ovulation; in addition, microvessels from the theca layer invade the granulosa cell layer and
extensive angiogenesis ensues (Fraser and Wulff 2001, Miyamoto, et al. 2010). Therefore, the
mature CL is eventually composed of multiple, distinctive cell types including steroidogenic
cells (small and large luteal cells) and nonsteroidogenic cells (endothelial cells, pericytes,
fibrocytes, and immune cells) (Berisha and Schams 2005, Meidan, et al. 2005, O’Shea, et
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al. 1989, Skarzynski, et al. 2013, Wiltbank 1994). In the nonfertile cycle, pulsatile release of
prostaglandin F2a (PGF2a) is transported from the uterus to the ovary via the vascular utero-
ovarian plexus (UOP); this initiates a cascade of events that result in rapid loss of steroidogenesis
and destruction of the luteal tissue (Berisha, et al. 2004, McCracken, et al. 1972, Niswender, et
al. 2000). However, the CL in the early stage of its development is protected from the luteolytic
actions of PGF2a. As the principal luteolytic hormone in ruminants (McCracken, et al. 1972,
Niswender, et al. 2000, Schams and Berisha 2004), PGF2a is widely used in reproductive
management of farm animals. Despite this and many years of research, the underlying
mechanisms associated with luteolysis in general, or with the stage-specific responses to PGF2a,
in particular, are not fully understood and are still being explored. Lack of luteolytic response
to PGF2a early in the estrous cycle or incomplete regression of older CL prior to breeding
continue to impede fertility (Brusveen, et al. 2009, Ghanem, et al. 2006, Martins, et al. 2011,
Ribeiro, et al. 2012). Important novel findings regarding the luteolytic cascade and development
of luteolytic capacity have been made in recent years and will be described. The successful
establishment of pregnancy requires prolongation or maintenance of luteal function and the
continuous secretion of P4. After cows are bred, a decisive moment occurs between days 17
and 21. In pregnant cows, signals from the newly elongating embryo prevent the occurrence
of luteolytic PGF2a pulses and the process of luteolysis, resulting in maintenance of the CL.
In women and non-human primates, luteal function is rescued by chorionic gonadotropins;
ruminants that do not express the B-subunits of CG have evolved a unique signaling pathway
to prevent PGF2a release and to maintain luteal function. In these species, recognition and
establishment of pregnancy involve interactions between the endometrium and conceptus. In
ruminant species, IFN Tau (IFNT) secreted by the trophoblast cells constitutes the pregnancy
recognition signal (Bazer, et al. 1997, Hansen, et al. 1999, Roberts 1996, Spencer and Bazer
2004, Thatcher, et al. 1984). However, the precise mechanisms that result in luteal maintenance
are still being elucidated, and recently there has been controversy related to the mode of IFNT
actions in the uterus and CL. This review summarizes the recent advances in mechanisms that
control luteal regression and maintenance.

Corpus luteum regression: the role of prostaglandin F2a

It is well accepted that pulsatile release of endometrial PGF2a induces luteolysis in ruminants
(McCracken, et al. 1972). A recent study added important information on the mechanism
regulating local PGF2a transport. It was found that pharmacological inhibition of the
prostaglandin transporter protein (PGT) prevents PGF2a. pulses being transported from the uterine
vein to the ovarian artery and maintains a functional CL (Lee, et al. 2010). The CL is also a site
of PGF2a. synthesis; therefore, the role of luteal PGF2a and its contribution to luteolysis were
investigated by several laboratories. The CL contains the rate-limiting enzyme for prostaglandin
synthesis Prostaglandin-Endoperoxide Synthase 2 (PTGS2 or cyclooxygenase-2; COX-2) as well
as the specific PGF2a synthases (PTGFS-AKR1B1 and PTGFS-AKR1C3) that convert PGH2 into
PGF2a (Arosh, et al. 2004a). However, the data concerning their specific upregulation around
the time of luteolysis in sheep and cows have been inconsistent (Arosh, et al. 2004a, Hayashi,
et al. 2003, Lee, et al. 2012b, Wiltbank and Ottobre 2003) and there is lack of definitive proof
for the role of luteal PGF2a in luteolysis.

To gain insight into the luteolytic cascade and to identify PGF2a -induced changes in
the transcriptome of bovine CL, PGF2a responsive vs. PGF2a -refractory CL (d 11 and d 4,
respectively) were compared (Mondal, et al. 2011). At 4 and 24 h after PGF2a, 221 (d 4), 661
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(d 11),248 (d 4), and 1421 (d 11) PGF2a-regulated genes were identified (Table 1). There were
specific functional gene categories and pathways (immune related, apoptosis, and others) that
were regulated by PGF2a in d 11 CL, particularly at 24 h post injection. This work revealed
that a considerable proportion of transcripts (27%), up-regulated at 4 h after PGF2a in the d
11 bovine CL, were also upregulated in d 4 CL that failed to regress. This value was reduced
to 3% only 24h post injection (Fig. 1). The significant, but transient gene expression response
on d 4 suggests that although the initial response occurred (at 4h), it was subsequently blocked

or failed to amplify (at 24h) (Fig.1) (Mondal, et al. 2011).

Table 1. Differentially expressed genes in day 4 and 11 corpora lutea with increased and decreased mRNA
abundance at 4 and 24 h after PGF2a

Day of estrous cycle Time point No. of genes with Increased No. of genes with
mRNAs decreased mRNAs
Day 4 4 h after PGF2a 204 17
24 h after PGF2a. 71 177
Day 11 4 h after PGF2a 532 129
24 h after PGF2a. 842 579

The values are numbers of differentially expressed genes in day 4 and 11 corpora lutea (CL) with increased (fold
change = 2.0; P < 0.05) and decreased (fold change =< 0.5; P < 0.05) mRNA abundance relative to 0 h time
point at 4 and 24 h after PGF2a administration on day 4 and day 11 of the estrous cycle.

Number of mRNAs increased 4 h post PGF,a administration

Day 4 CL Day 11 CL

Number of mRNAs increased 24 h post PGF,a administration

Day 4 CL Day 11CL

Fig. 1. Venn diagram depicting overlap and specificity in PGF2a. -induced gene expression changes (number
of MRNAs; relative to 0 h time point) in day 4 (PGF2a refractory) vs. day 11 (PGF2a responsive) corpora
lutea (CL) collected at 4 and 24 h after PGF2a. administration (Mondal, et al. 2011).
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The intercellular mechanisms contributing to the more robust and persistent gene expression
response to PGF2a, which is characteristic of PGF2a responsive versus d 4 (PGF2a refractory)
CL, is not completely understood. However, it is plausible that infiltration of immune cells at
this stage, along with differences in gene expression in specific cell populations, is involved.
Gene expression profile data provide evidence for infiltration and/or activation of many immune
cell types in the CL including macrophages (CD14), T lymphocytes (CD1B, CD2, CD3E, CD3G,
CD8, CD48, CD69), dendritic cells (CD83), and natural killer cells (CD2, CD244) (Mondal,
et al. 2011, Skarzynski, et al. 2013) (Fig. 2). Furthermore, the up-regulation of numerous
endothelial adhesion molecules such as CCL2 (Mondal, et al. 2011, Tsai, et al. 1997), SELE,
SELP, ICAM, and several integrins most likely facilitates leukocyte recruitment and endothelial
transmigration (Bowen, et al. 1999, Petri, et al. 2008). Most of these genes were either not at
all induced on d 4 or the genes were stimulated to a lesser extent than ond 11 (CD14, CD69,
and CD3E). Notably, unlike in the mature gland, immune-related genes were not found any
longer 24 h post PGF2a in the early, d 4 CL (Fig. 2) (Mondal, et al. 2011).

Angiogenesis related genes induced by prostaglandin F2a

Zalman and colleagues (Zalman et al., 2012) identified an interesting group of PGF2a-regulated
genes, genes that are known to be involved in angiogenesis (Table 2). This group of pro and
antiangiogenic genes included vascular endothelial growth factor A (VEGFA), fibrobast growth
factor 2 (FGF2), pentraxin 3 (PTX3), thrombospondin 1, thrombospondin 2 (gene symbol THBS;
protein abbreviation, TSP), their CD36 receptor and transforming growth factor, beta 1 (TGFB1)
(Table 2). The two pro-angiogenic factors exhibited distinct profiles: VEGFA was decreased
by PGF2a regardless of luteal stage and FGF2 expression (nRNA and protein) surged in the
PGF2a-refractory d 4 CL. Conversely, inhibitors of FGF2 action, THBS 1 and 2, their receptor
(CD36), and PTX3 were up-regulated by PGF2a specifically in d 11 CL undergoing luteolysis
(Zalman, et al. 2012). These results therefore suggest a potential functional relationship
between FGF2 activity and the luteolytic response to PGF2a. Importantly, the angiogenic
genes regulated by PGF2a are expressed in both luteal endothelial and steroidogenic cells (Fig.
3). Data presented in Fig. 3 also show that at early luteal stage FGF2 is expressed at higher
levels in endothelial cells than in steroidogenic cells and that the two THBSs genes exhibit
preferential cell localization; while THBS1 is localized mainly to endothelial cells, THBS2 is
higher in steroidogenic cells (Fig. 3).

Table 2. Prostaglandin F2a - regulated genes that are involved in angiogenesis, in the bovine corpus luteum.

Pro - angiogenic genes Anti - angiogenic genes
VEGFA (decreased d4 &11) PTX3 (increased only on d11)
FGF2 (major increase on d4) THBS1 (increased only on d11)

THBS2 (increased only on d11)
CD36 receptor (increased only on d11)
TGFB1 (increased only on d11)

VEGFA - Vascular endothelial growth factor A; FGF2 — (Basic) fibroblast growth factor -2; PTX3- pentraxin 3, long;
THBS1 - Thrombospondin 1; THBS2 - Thrombospondin 2; TGFB1- transforming growth factor, beta 1.

Data are from (Hou, et al. 2008, Maroni and Davis 2011, Mondal, et al. 2011, Skarzynski, et al. 2013, Zalman, et
al. 2012).
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Fig. 2. KEGG pathway “Cytokine-Cytokine receptor interaction “. Stars indicate significant changes (p <0.05) in gene expression in PGF2a -treated cows
Encyclopedia of Genes and Genomes. Note the abundance of day 11 indicators (yellow and red) and the lack of day 4 indicators (Mondal, et al. 2011).
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Fig. 3. A. Luteal cell enrichment; enzymatically dispersed CL cells were suspended and mixed with beads
coated by BS-1 (Bandeiraea Simplicifolia Lectin-1). Positive cells (cells adhering to BS-1-coated magnetic
beads) exhibit endothelial markers, and BS-1 negative cells (nonadhering cells) exhibit steroidogenic
markers. Cross contamination between enriched cell populations did not exceed 10% (Levy, et al. 2001).
B. Messenger RNA levels for FGF2, PTX3, THBS1, and THBS2 in steroidogenic cells (SC) and endothelial
cells (EC) enriched from bovine CL collected at early (before day 5) and midluteal stages (days 8—12). At
least four CL were utilized for each luteal stage. Data were normalized relative to the abundance of GPDH
mRNA in the same samples. Different letters denote statistical differences (P < 0.05) (Zalman, et al. 2012).

THBS1 was also augmented in sheep CL during natural luteolysis (Romero, et al. 2013);
other genes that were lowered in regressing CL of the ewe, such as the LH receptor (LHR) and
VEGFA, were similarly down-regulated in PGF2a-treated cows at mid cycle (Mondal, et al.
2011, Neuvians, et al. 2004).

The fact that many angiogenesis-modulating genes were dynamically and stage specifically
regulated by PGF2a is not surprising, the CL is a highly vascularized gland and is a site of
extensive angiogenesis (Berisha and Schams 2005, Fraser and Wulff 2001). In addition to its
known effects on endothelial cells, studies have shown that FGF2 also affects granulosa and
luteal cell functions (Grasselli, et al. 2003, Grazul-Bilska, et al. 1995, Zalman, et al. 2012),
illustrating the pleiotropic actions of this growth factor.

The activity of FGF2 in the extracellular milieu is controlled by its interaction with
various extracellular matrix proteins, where PTX3 and THBSs are prominent examples.
Recent observations have shown that PTX3 binds FGF2 and inhibits its angiogenic activity
on endothelial cells (Leali, et al. 2009). PTX3 has nonredundant functions under various
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physiopathological conditions and may serve as a mechanism for amplifying inflammation,
innate immunity, and tissue remodeling (Inforzato, et al. 2011). Whereas PTX3 mRNA and
protein concentrations were elevated in the d 11 CL, in sheep this gene was inhibited during
luteolysis (Romero, et al. 2013). The reason for this discrepancy is not clear. The other potent
inhibitors of FGF2 actions that were upregulated by PGF2a in CL undergoing luteolysis
were TSPs. TSPs are a family of extracellular matrix proteins whose inhibitory effects on
angiogenesis have been established in numerous experimental models (Grant and Kalluri
2005, Iruela-Arispe, et al. 2004, Lawler 2002, Vailhe and Feige 2003). Among TSP family
members, TSP-2 has an equivalent domain structure similar to TSP-1 and shares most of its
functions (Adams and Lawler 2004). As noted above, both THBS1 and 2 were induced by
PGF2a only in mature glands. TSP-1 binds to a variety of proteins on the cell surface and in
the extracellular milieu. Therefore, it can exert its antiangiogenic activity through multiple
mechanisms involving different active sequences in different domains (Iruela-Arispe, et al.
2004). The main antiangiogenic site of TSP-1 has been identified in type | repeats that interact
with the CD36 receptor and HSPGs (Bornstein 2009). Another antiangiogenic site was found
in the type lll repeats of TSP-1, which inhibits angiogenesis by binding and sequestering
FGF-2 (Colombo, et al. 2010). Therefore, the PGF2a-stimulated increase in THBS1, THBS2,
and CD 36 on d 11 and not on the d 4 gland implies that TSPs may play an inhibitory role
in CL by inhibiting FGF-2 actions. Importantly, it was reported that these factors influenced
the angiogenic properties of luteal endothelial cells. FGF2 dose-dependently enhanced their
cell migration and proliferation, whereas TSP1 and PTX3 inhibited FGF2 actions; TSP-1 also
induced cell death under basal conditions (Zalman, et al. 2012).

TSP-1 may also contribute to luteolysis by converting latent TGFB1 into its biologically
active form (Young and Murphy-Ullrich 2004). TGFB1 is produced in a latent form consisting
of the mature TGFB1 dimer and a noncovalently related latency-associated peptide (LAP). A
conserved sequence near the N terminus of LAP was identified as a site of TSP-1 binding to the
latent complex (Young and Murphy-Ullrich 2004). TGFB1 peptide was shown to reduce luteal
endothelial cell proliferation and migration, and it disrupted the formation of capillary-like
structures (Maroni and Davis 2011). It is noteworthy that the TGFB1 gene and its downstream
target, serpin 1, were shown to be upregulated during luteal regression by PGF2a in sheep and
cows (Hou, et al. 2008, Mondal, et al. 2011, Romero, et al. 2013).

The resulting destabilization of blood vessels in d 11 CL (because of the actions of TSPs, PTX3,
and TGFB1) is expected to weaken the gland and reduce its hormonal output. Additionally,
these events, along with the vasoconstrictive and antisteroidogenic actions of endothelin-1
(Meidan and Levy 2007, Shirasuna, et al. 2006), are expected to further reduce P4 secretion
and promote regression of mature CL.

To mimic the physiological concentration and pulsatile release of PGF2a that occurs during
natural luteolysis, the Wiltbank laboratory (Atli, et al. 2012) employed multiple low-dose pulses
of PGF2a. They found that although the initial PGF2a pulse had a distinct effect on luteal mMRNA
concentrations, the second and ensuing pulses of PGF2a established the distinct patterns of
gene expression that result in luteolysis. Importantly, at least two pulses were needed to induce
the pattern of pro-angiogenic genes mentioned above (VEGFA and FGF2) that were observed
in the luteolytic CL (Mondal, et al. 2011). The study of Atli and colleagues also showed that
repeated exposure to PGF2a is necessary for continuance of luteolytic pathways within CL,
consistent with the concept of auto-amplification (Atli, et al. 2012). Such amplification also
distinguishes the responses to PGF2a at midcycle from CL at an early luteal stage (Mondal, et
al. 2011). The need for several PGF2a. pulses (five in this case) at a precise frequency to induce
luteal regression in sheep was also reported (McCracken, et al. 2012).
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Corpus luteum maintenance: the roles of interferon tau and prostaglandin E,

Maintenance of CL in early pregnancy, also known as maternal recognition of pregnancy, is a
critical rate-limiting step in the reproductive efficiency of ruminant species (Bazer, et al. 2012,
Bridges, et al. 2013, Evans and Walsh 2011, Matsuyama, et al. 2012, Utt and Day 2013). Early
observations showed that in ruminants, hysterectomy itself (being the source of PGF2a) prolongs
the luteal life span to a length approximating the gestation period (Casida and Wiltbank 1956,
Moor and Rowson 1964). Levels of circulating PGFM (PGF2a metabolite) differ in pregnant
vs cyclic ruminants. Low-level PGFM episodes were present in cyclic and pregnant cows on
Days 14 and 16 after oestrus, and high amplitude episodes occurred in non-pregnant cows
during luteal regression (Lafrance and Goff 1985, Parkinson and Lamming 1990). Pregnant
cows showed a significant depression of pPGFM amplitude, but not in frequency of episodes
at the expected time of luteal regression regression (Lafrance and Goff 1985, Parkinson and
Lamming 1990). Furthermore PGFM response to oxytocin challenge, showed lower mean
values in pregnant than cyclic animals (Parkinson, et al. 1990). Also in ewes the presence of
the conceptus locally inhibits the endometrial PGF2a. production following oxytocin challenge
(Payne and Lamming 1994). While these studies tend to suggest the existence of a mechanism
that attenuates uterine PGF2a. production and/or release during pregnancy, other studies had
noted unchanged or even increased PGF2a in uteri of pregnant animals (Burgess, et al. 1990,
Silvia, et al. 1984), this discrepancy may results from technical difficulties in sampling or other
reasons which are not clear.

The main signal for maternal recognition of pregnancy in these species is a type | interferon
later known as IFN Tau (Bazer, et al. 1997, Roberts 1996). The coordinated actions of P4
and embryonic/placental hormones regulate reciprocal fetal-maternal interactions required
for establishing and maintaining pregnancy. Indeed, a positive relationship exists between
concentrations of P4 in the early luteal phase and IFNT synthesis (Kerbler, et al. 1997) and
subsequent embryo development (Spencer, et al. 2007, Thatcher, et al. 2001). IFNT is secreted
by ruminant trophectoderm cells during elongation of the early embryo, and it has been shown
to be the signal for luteal maintenance during early pregnancy (Bazer, et al. 1997, Roberts
1996). IFNT acts in a paracrine manner to prevent the expression of estrogen receptor alpha
(ESR1) and oxytocin receptors (OTR) in the endometrial luminal epithelium and superficial
glandular epithelium, thereby altering the release of luteolytic pulses of PGF2a (Spencer, et al.
2007). IENT also stimulates interferon-stimulated genes (ISGs) in the uterus (Choi, et al. 2001,
Johnson, et al. 2002, Ott, et al. 1998), and in peripheral tissues including the CL (Bott, et al.
2010, Oliveira, et al. 2008), peripheral blood cells (Gifford, et al. 2007, Shirasuna, et al. 2012),
and the mammary gland (Yang, et al. 2010). Thus, IFNT might prevent luteal regression by
acting directly on CL and this action could be independent of, or synergistic with, the actions
of IFNT on uterine PGF2a secretion. The expression of ISG15 was greater in CL from pregnant
ewes (Oliveira, et al. 2008) and during uterine vein infusion of rolFNT in ewes (Bott, et al.
2010) or cows (Yang, et al. 2010). Recently, it was shown that endocrine delivery of rolFNT,
via the uterine or jugular vein, protects the ovine CL from the luteolytic actions of PGF2a
(Antoniazzi, et al. 2013). Ewes treated with rolFNT maintained intraluteal and circulating P4,
maintained luteal volume, and had greater expression of genes for cell survival (Antoniazzi,
et al. 2013). Romero et al. (Romero, et al. 2013) identified genes stabilized during pregnancy
in ovine CL that were otherwise downregulated in luteolysis - IL6 , PTX3, THBS1, LHR, and
VEGFA. To determine how these genes are directly regulated by various hormonal treatments
in sheep, small, large, and mixed luteal cells were employed. Whereas culture with PGF2o
and oxytocin downregulated these genes, inducing luteolytic-like effects, IFNT did not mimic
pregnancy by increasing those genes in the mixed cell preparations, and only culture of large
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luteal cells with IFNT induced upregulation in a few genes (Romero, et al. 2013). The data
regarding the direct, endocrine actions of INFT in bovine species are even less conclusive.
Some studies showed that IFNT, when cultured with bovine luteal cells, can induce ISG-15
(Kowalczyk-Zieba, et al. 2012, Nitta, et al. 2011), and others reported that explants of CL from
d 15 of the estrous cycle did not express ISG15 after being cultured with 100ng/mL of IFNT for
24h, whereas the same treatment enhanced ISG15 in endometrial explants (Yang, et al. 2010).
Another observation was made by Nitta et al. (Nitta, et al. 2011), who reported that treatment
of endothelial cells, isolated from internal iliac lymphatic vessels, with IFNT stimulated their
proliferation and the mRNA expression of VEGFC and ISG 15. But, a convincing proof for
IFNT affecting bovine luteal function per se by acting on either steroidogenic, endothelial, or
immune cells is lacking at this time. Therefore, although it is clear that IFNT is the embryonic
signal for maternal recognition of pregnancy in ruminants, determining the mechanisms that
result in luteal maintenance are poorly understood and require further research.

Other pregnancy-associated factors, such as PGE,, could induce processes that are important
for maintenance of CL in pregnancy (Lee, et al. 2012a, Weems, et al. 2011, Weems, et al. 2012).
PGE, has long been suggested as a potent luteotrophic factor that can induce P4 production
(Miyamoto, et al. 1993, Shelton, et al. 1990), furthermore, intra-luteal implants containing PGE,
were shown to maintained luteal weights and circulating P4 on days 14-19 in cows (Weems,
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Fig. 4. Simplified model describing three potential pathways involved in CL maintenance by interferon
tau (IFNT). 1. IENT acts on the endometrial luminal epithelium (LE) and the superficial ductal glandular
epithelium (sGE) to inhibit transcription of the estrogen receptor alpha gene (ESR1) directly and the oxytocin
receptor (OTR) gene indirectly to abrogate synthesis of luteolytic PGF2a . 2. IFNT reduces PGFS and the
ability of the prostaglandin transporter (PGT) to interact with PGF2a. , thus abrogating PGF2a pulses. In
addition, IFNT increases the production of PGE, in endometrial tissue that is transported from the uterus to
the ovary through the UOP (utero pvarian plexus), thus inducing luteal PGE,, which maintains CL function.
3. Endocrine delivery of IFNT, by interacting directly with the CL, protects the gland from undergoing
luteolysis by a mechanism involving ISGs and survival genes. For the list of references supporting these
actions, please refer to the text.
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et al. 2011, Weems, et al. 2012). Arosh et al. reported major changes in PGE, and PGF2a
synthesis and in their receptors induced by intrauterine IFNT infusion in the endometrium,
myometrium, and CL of cattle (Arosh, et al. 2004b). IFNT increased COX-2 mRNA and protein
expression in endometrium. IFNT also decreases PTGFS in the endometrium and myometrium,
suggesting that in the bovine uterus, IFNT could directly act to lower PGF2a synthesis (Arosh,
et al. 2004b). Importantly, no influence of IENT on the luteal expression of COX-2 and PTGFS
could be detected. In a later study, an additional mechanism for reduced PGF2a pulses during
pregnancy was suggested - IFNT alters phosphorylation of PGT protein, resulting in the inhibition
of PGT-mediated transport of PGF2a (Banu, et al. 2010). Besides prostaglandin metabolizing
enzymes, PGE receptors (PTGER2 and PTGER4) were stimulated by IFNT, thus enhancing PGE,
effects (Lee, et al. 2012a). Another study that emphasized the role of PGE, during pregnancy
was carried out by Lee et al. (Lee, et al. 2012b), who showed that prostaglandin biosynthesis
in CL is directed toward PGE, in the pregnant ewe. They showed that this was achieved by
induction of a specific PGE synthase in the CL of pregnant ewes; consequently, concentrations
of intraluteal PGE, were greater than in cyclic animals. Moreover, the PGE, receptors PTGER2
and PTGER4 were also induced in CL from days 12 to 16 of pregnancy. These findings indicated
that the CL secretes more PGE, during the establishment of pregnancy. Whether or not IFNT
regulates luteal prostaglandin synthesis was not determined in this study.

In debating the effects of pregnancy on the CL, a fundamental question arises: is the CL of
pregnancy different from the CL of midcycle? And if so, is it due to IFNT exposure? The CL of
early pregnancy does not exhibit greater steroidogenic capacity and progesterone concentrations
in pregnant versus cyclic animals are comparable (Magata, et al. 2012, Parkinson and Lamming
1990). In addition, there is no new wave of angiogenesis in the CL of early pregnancy, since
endothelial or pericyte /smooth muscle cell markers remained similar in the CL from day 16 of
the estrous cycle to day 40 of early pregnancy (Beindorff, et al. 2010). Accordingly, no significant
change occurred in the expression of VEGFA between midcycle and pregnant CL (Beindorff,
etal. 2010, Magata, et al. 2012). Furthermore, a recent study by Romero et al. (Romero, et al.
2013) examined the transcriptome of cyclic vs pregnant sheep CL; In addition to the battery of
IFNT-stimulated genes, no specific pregnancy-associated genes were noted. Rather, luteolysis-
related genes such as IL6, PTX3, THBS1, LHR, and VEGFA were inversely regulated in CL of
pregnant ewe. The study comparing cyclic, pregnant, and persistent CL (approx. 30 days post
ovulation, noninseminated cows) is especially relevant in this context (Magata, et al. 2012).
In support of above mentioned conclusions, comparisons of these types of CL showed that
persistent CL and that of pregnant cow had similar levels of steroidogenic enzymes, VEGFA,
VEGFC, and PGFS. Interferon-induced gene -OAS-1 was higher only in pregnant CL, indicating
exposure to IFNT. PGES was an exception; PGES was observed in CL of pregnant animal and
not in cyclic or persistent luteal tissue (Magata, et al. 2012), which was also reported by (Lee,
etal. 2012b). Is it a direct or indirect effect exerted by IFNT in CL? Lee at al. (Lee, et al. 2012b)
proposed that endometrial PGE, stimulated by pregnancy is transported locally to the ovary,
which increases luteal PGE, biosynthesis, but this has not yet been experimentally proven.
Evidently CL of pregnant animal expresses ISGs, but so do many other peripheral tissues,
whether ISGs affect luteal function is unclear at present.

Reviewing the findings published thus far support the notion that three potential pathways
(Fig. 4) may be involved in luteal maintenance by IFNT: First, the classical mechanism whereby
IFNT changes uterine gene expression, resulting in reduced pulses of PGF2a and thus prevents
luteolysis (Dorniak, et al. 2013, Gifford, et al. 2007, Knickerbocker, et al. 1986, Spencer, et al.
2007, Thatcher, et al. 2001). Second, IFNT decreases uterine PTGFS; INFT also increases the
transported of PGE, from the uterus to the ovary through the UOP, thus inducing luteal PGE,,
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which maintains luteal function (Arosh, et al. 2004b, Asselin, et al. 1997, Lee, et al. 2012a,
Wasielak, et al. 2009, Weems, et al. 2011, Weems, et al. 2012). Third, recent evidence indicates
that the endocrine mode of IFNT action, by interacting directly with the CL, protects the gland
from undergoing luteolysis by a mechanism involving ISGs and survival genes (Antoniazzi,
et al. 2013, Bott, et al. 2010, Gifford, et al. 2007, Hansen, et al. 2010, Oliveira, et al. 2008).

Are these pathways independent or complementary? And do these pathways exist and operate
similarly in ewes and cows? The answers to these and other open questions will provide in
the future a rational basis for developing methods to enhance maintenance of the ruminant CL

during early pregnancy.
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