Chapter 11
Corpus Luteum and Early
Pregnancy in Ruminants

Thomas R. Hansen, Rebecca Bott, Jared Romero,
Alfredo Antoniazzi, and John S. Davis

Abstract This review examines the function of the corpus luteum (CL) with
emphasis on pregnancy in ruminant models and the possible impact of pregnancy in
conferring luteal resistance to prostaglandin F2a (PGF2a). Critical processes
involved with formation of the CL impact the capacity to secrete progesterone.
Similarly, complete luteolysis is critically important in the event that pregnancy
does not occur so that a new ovulation and opportunity for pregnancy is established.
It is well known that serum progesterone must reach a critical nadir if ovulation and
fertilization are to occur. Following fertilization, the function of the CL in providing
adequate progesterone is critical in setting up an endometrial environment so that
pregnancy is maintained. Benefits of supplemental progesterone during early preg-
nancy are inconsistent in ruminants. However, recent studies indicate that supple-
mental progesterone following artificial insemination (AI) may depend on the
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presence of the CL and the amount of progesterone released from the CL. The pri-
mary signal for maternal recognition of pregnancy, interferon-tau (IFNT), is secreted
from the ruminant conceptus (embryo proper and extraembryonic membranes).
IFNT disrupts release of PGF2« from the endometrium and is antiluteolytic through
inhibiting uterine expression of the estradiol receptor (ESR1) or the oxytocin recep-
tor (OXTR). Endocrine action of IFNT on peripheral blood mononuclear cells and
on the CL may also contribute to immunomodulatory function and longer-term sus-
tainability and function of the CL as pregnancy progresses.

Keywords Interferon ¢ Corpus luteum e Pregnancy ¢ Ruminants e Interferon-
stimulated genes ® Peripheral blood mononuclear cells ¢ Leukocytes

11.1 Exposure to Progesterone Changes Gene Expression
in the Uterus

Continuous exposure of the uterus to progesterone for 8—10 days during the estrous
cycle causes downregulation of the progesterone receptor (PR) in the endometrium,
allowing estradiol to bind to the estrogen receptor (ESR1), and resulting in the synthe-
sis and insertion of the oxytocin receptor (OXTR) in the endometrium [1, 2]. Oxytocin
(OXT) binds to its endometrial receptor, activating the synthesis and pulsatile release
of PGF2ua into the uterine ovarian vein [3, 4]. PGF2a crosses over into the ovarian
artery from the ovarian vein via a countercurrent exchange mechanism [5, 6]. This
unique mechanism allows PGF2a to be delivered directly to the CL without first pass-
ing through the systemic circulation. The local effects of PGF2a result in the demise
of the CL, leading to a new estrous cycle if the mother/dam is not pregnant.

In ruminants, the utero-ovarian plexus provides an intimate association of the
uterine vein and ovarian artery, which allows delivery of small molecules such as
PGF2a from the uterus to the ovary to cause luteolysis [7-9]. Wiltbank and Casida
[10] reported that hysterectomy, which disrupts the utero-ovarian plexus, delayed
estrus in ewes for more than 100 days. The original CL at the time of hysterectomy
was maintained until the time of necropsy, and the ovary had minimal follicular
activity. If total hysterectomy was performed on days 13.5-15, then the CL had a
lifespan of approximately 148 days, which was similar to the length of gestation
[7, 11]. Other studies demonstrated that lifespan of the CL varies when one uterine
horn is removed and is dependent on proximity of the removed horn to the CL [12].
Removal of the uterine horn that is ipsilateral to the CL-containing ovary extends
luteal lifespan. However, if the uterine horn contralateral to the CL is removed, then
the CL regresses in 15—17 days, which is similar to the normal cycle. These data are
interpreted to mean that luteolysis requires an intimate connection between the CL
and the nonpregnant ipsilateral uterine horn.
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11.2 Downregulation of Progesterone Receptor Leads
to Upregulation of Prostaglandin F2a (PGF2x) Pulses
and Luteolysis in Sheep

Progesterone regulates expression of many receptors involved in coordinating the
estrous cycle and secretion of prostaglandins. Progesterone prevents expression of
the ESR1 and the oxytocin receptor (OXTR) in the endometrium, which generally
precedes PGF2a release. Withdrawal of progesterone or interruption of PR activity
results in an increase in the expression of these receptors [2]. Continuous exposure
to progesterone causes a downregulation of the endometrial PR by day 11 of the
estrous cycle [13]. Downregulation of endometrial PR is followed by an increase in
ESR1 and OXTR expression and PGF2a release on days 13, 14, and 14-16, respec-
tively [2, 13—-16]. The onset of OXT and PGF2a pulses is concomitant with an
increase in endometrial OXTR, suggesting that PGF2a synthesis and release can be
driven by OXT signaling [16, 17]; this allows increased pulse amplitude and fre-
quency of PGF2a secretion, which initiates luteal regression.

11.2.1 Nature of the Luteolysin and Luteolysis
in Ruminants

PGF2a has been implicated as the initiator of luteolysis in many species including
the ovine [6, 9, 18]. PGF2a-induced luteolysis appears to have three mechanisms of
action: (1) auto-induction of PGF2a synthesis by the CL; (2) reduction of steroido-
genesis; and (3) reduction of blood flow to the CL. In 1970, McCracken indicated
that PGF2a was the luteolytic agent and would cause luteolysis when delivered to
the CL [9]. Functional regression of the CL is strongly associated with a decrease in
progesterone production [19]. Structural changes occur in the CL after the initial
drop in progesterone concentrations. Binding of uterine-derived PGF2a to the CL
induces several downstream effects in both large luteal cells (LLC) and small luteal
cells (SLC). In LLCs, PGF2« interfaces with its receptor to induce a suicidal loop
of production of PGF2a from the CL by upregulating the PTGS2 (prostaglandin
synthase-2) pathway [20, 21]. PGF2a action also entails increased intake of calcium
in LLC, which induces apoptosis, activates protein kinase C (PKC) and associated
cellular responses, inhibits progesterone synthesis, and induces OXT release [20,
22]. In 1986, Moor demonstrated that uterine PGF2a release in ewes increases
before OXT and oxytocin-associated neurophysin, indicating that PGF2a initiates
release of OXT [4]. The OXT produced from LLC binds to the OXTR on the SLC,
causing the release of calcium and activation of the PKC pathway, both of which
lead to cell death via apoptosis [20, 23]. For a detailed description of gene expres-
sion during luteolysis in ruminants, see [24, 25].
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11.3 Rescue of the CL During Pregnancy in Ruminants

Moor and Rowson [26], as well as Mapletoft and coworkers [27], used ovine embryo
transfer experiments coupled with ligation of uterine horns to clarify the role of the
conceptus in protecting the CL during establishment of early pregnancy. It was
inferred from these studies that no systemic, conceptus-derived mediator rescued the
CL, because ligation of the gravid horn protected the CL ipsilateral to the conceptus
while the contralateral CL regressed. However, a systemic role of the conceptus in
resistance for the CL to PGF2a and longer-term survival of the CL during early preg-
nancy cannot be excluded. For example, several investigators have described the CL
of pregnancy to be more resistant to lytic effects of PGF2a [28-31]. Exactly why and
how this resistance to PGF2a occurs in the CL during pregnancy is unknown.

There is no direct luteotropic counterpart to human chorionic gonadotropin in
ruminants [32]. Rather, conceptus-derived IFNT regulates the antiluteolytic altera-
tion of PGF2a release from the endometrium during pregnancy [33, 34]. IFNT may
also have direct actions on the CL in context of conferring resistance to PGF2a [35,
36]. The latter possibility seems likely because the release of PGF2a from the endo-
metrium is not ablated by pregnancy and the CL is capable of local production of
PGF2a [37]. Actually, PGF2a is found in greater concentrations in uterine venous
drainage from day 13 pregnant compared with estrous cycling ewes [38]. Also, the
basal production of PGF2a is higher in pregnant compared to nonpregnant ewes,
possibly because of the continued expression of PTGS2 in the uterine luminal and
glandular epithelium and the production of prostaglandins by the conceptus [39].

11.4 Contribution of Conceptus to Lifespan of the CL

The conceptus must be present from day 12 through day 17 in the ewe for a success-
ful pregnancy to be recognized and maintained [12, 40—42]. In support of this con-
cept, infusion of IFNT into the uterine vein for only 3 days starting on day 12 of the
estrous cycle was not sufficient to cause a delay in return to estrus (Antoniazzi and
Hansen, unpublished data). IFNT was initially named protein X after its discovery
on day 13 of pregnancy as the major conceptus secretory protein [33] and renamed
as trophoblast protein-1 before being classified as an IFN and named IFNT [34,
43—45]. IFNT is the maternal recognition signal in ruminants that indicates the pres-
ence of a viable embryo(s), resulting in the differential expression of endometrial
proteins [46-50], prevention of luteolysis, and continued production of progesterone
[32, 36, 39]. IFNT can be detected in media from cultured ovine conceptuses by day
10 and increases in secretion through day 16 of pregnancy [51]. IFNT accumulates
in uterine flushings to detectable concentrations between days 13 and 14 of preg-
nancy [52]. IFNT silences ESRI transcription and consequently inhibits the produc-
tion and insertion of OXTR into the endometrium, thus disrupting the pulsatile
release of PGF2a [53]. The paracrine actions of IFNT alter PGF2«x pulsatility in the
ewe [54] and may actually reduce PGF2a concentrations in the cow [55].
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Maternal recognition of pregnancy is clearly a paracrine mechanism, but it
could also be sustained through endocrine induction of luteal resistance to prosta-
glandin through interferon-stimulated genes (ISGs) [25, 35, 36, 52, 56-58]. Even
though the mechanism for maternal recognition of pregnancy varies among mam-
mals, the upregulation of interferon-stimulated gene 15 (ISG15) in the endome-
trium appears to be a universal response to the presence of an embryo, as has been
seen in humans and baboons [59, 60], cows [46, 61], sheep [62], swine [63] and
mice [64-66]. IFNT stimulates production of ISGs in the glandular epithelium [48,
61, 62]. Several of these ISGs have been identified, such as ISG15 [46, 62, 67],
myxovirus (influenza virus) resistance (MX1) [68], and 2',5'-oligoadenylate
synthetase (OAS) [48, 69, 70].

IFNT elicits its actions through the type 1 interferon receptor, which shares
two subunits, IFNAR1 and IFNAR?2. These subunits are expressed in the lumi-
nal epithelium, subglandular epithelium, and stroma of the ovine uterus during
the estrous cycle and pregnancy in day 14-15 ewes [71]. In ovine endometrial
cells, IFNT causes tyrosine phosphorylation and nuclear translocation of signal
transduction and activator of transcription (STAT)-1, -2, -3, -5, and -6 as well as
increased transcription of STAT1 and STAT2 [72, 73]. Interferon-stimulated
gene factor 3 (ISGF3) and STAT 1 form homodimers and bind to IFNT-stimulated
response elements (ISRE) and gamma-activated sequences (GAS) to drive the
expression of ISGs. In response to pregnancy (IFNT), mRNAs encoding these
signal transducers and stimulated ISGs increase in concentration primarily in
endometrial stroma and glandular epithelium in the ewe [74]. However, the
ISGs are not strongly inducible in luminal epithelium and subluminal glandular
epithelial cells because of expression of interferon regulatory factor 2 (IRF2) in
these cells, which strongly inhibits IFN stimulatory response elements in ISGs.
The consequences of a lack of induction of ISGs in ovine luminal epithelium
have not been completely resolved in the context of regulation of release of
PGF2a and antiluteolytic mechanisms of IFNT.

Several ISGs in addition to STATs and IRFs have been identified in the ruminant
uterus. ISG15 can be found in its free 15-kDa form and conjugated to target pro-
teins in the uteri of pregnant cows on days 17-45 [61]. ISG15 protein was localized
to the glandular epithelium with light staining in the luminal epithelium and stroma
during the timeframe of peak IFNT expression around day 18 of pregnancy [61].
IRF?2 is a repressor of ISGs and is present in the luminal epithelium and subglandu-
lar epithelium, thus restricting the ability of IFNT to increase ISGs in the luminal
epithelium, but not in the stroma and glandular epithelium regions of the ovine
uterus [74].

ISGs such as STATs and IRFs and RNA helicases are upregulated in the endome-
trium and peripheral blood mononuclear cells (PBMC) [35] as well as in the CL [25,
52, 57, 58] of pregnant compared to nonpregnant ewes. IFNT and possibly ISGs
enter the blood stream and condition T cells and macrophages, potentially activating
a first line of defense against viruses to prevent early embryonic mortality or persis-
tent viral infection of the embryo [35].
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11.5 Progesterone and Early Conceptus Survival

The zona-enclosed embryo is thought not to be dependent on oviductal or uterine
secretions. However, following hatching, the developing and elongating conceptus
starts to release signals and the endometrium responds to these signals to provide a
more complex and nourishing histotroph when compared to the progesterone-primed
uterus of the estrous cycle. The mechanisms through which progesterone prepares the
uterus for pregnancy and is associated with fertility have been extensively examined.
The uterine epithelia secrete or selectively transport molecules into the uterine lumen
that are collectively known as a histotroph. The uterine histotroph nourishes the free-
floating conceptus and contains amino acids and glucose, cytokines, enzymes, growth
factors, lymphokines, transport proteins for vitamins and minerals, and extracellular
matrix molecules. Progesterone activates genes contributing to production of the his-
totroph, which supports the early pregnancy. However, crucial conceptus-derived
signals such as IFNT work in concert with progesterone to fully engage a nurturing
environment during elongation of the conceptus, formation of the placenta, and
attachment/implantation to the luminal epithelium of the endometrium.

The benefits of exogenous supplementation of progesterone to pregnancy rates
have been considered for decades (reviewed in [75—77]. Briefly, the actions of pro-
gesterone depend on the amount that is circulating, which also is regulated by the
amount synthesized and metabolized. It is very clear that serum progesterone con-
centrations need to be low at the time of Al Even very low (>0.9 ng/ml) serum
concentrations of progesterone at the time of Al will significantly reduce fertility.
Carvalho and coworkers [78] recently described an advantage to pregnancy rate by
adding a second PGF2a treatment to ensure luteolysis just before induced ovulation
using the Ovsynch gonadotropin-releasing hormone (GnRH) protocol (day —10,
GnRH; day -3, PGF2a; day —0.7, GnRH; day 0, timed Al) in dairy cows. Following
Al, supplementation of high serum progesterone concentrations has varied effects on
fertility. When used with the Ovsynch protocol, supplementation of dairy cows with
progesterone using CIDR (controlled internal drug release) implants improved preg-
nancy rates in the cases in which no CL was present at the time of PGF2« injection
[79]. There was no benefit of supplementation with progesterone when a functional
CL was present at the time of PGF2a.. However, if the CL was absent or producing
subluteal-phase concentrations of serum progesterone at the first GnRH injection of
the Ovsynch protocol [79, 80], then there was a benefit to supplementing with pro-
gesterone to improve fertility in dairy cows. The positive impact of serum progester-
one supplementation during the estrous cycle depends on when during the luteal
phase this is applied and may be most effective when concentrations of progesterone
are impaired at the time of initiation of Ovsynch treatments. During pregnancy, there
may be a greater advantage to supplementing serum progesterone during the late
luteal phase when the conceptus is elongating and producing IFNT. For example,
increasing serum progesterone concentrations during this period using human chori-
onic gonadotropin (hCG) [81] has a tendency to increase IFNT production from
cultured day 18 bovine conceptuses. This finding was consistent with an earlier
study describing a positive effect of hCG treatment on production of IFNT from
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cultured ovine embryos [82] but no effect of supplemental serum progesterone on
the production of IFNT. Similarly, even though there was a positive effect of hCG
treatment on day 5 of the estrous cycle in context of increased serum progesterone,
treatment at that time before embryo transfer on day 7 had no impact on IFNT pro-
duction by conceptuses flushed on day 14 and cultured for 24 h [83]. Although pro-
gesterone is critical for the establishment of pregnancy, the evidence for a benefit of
supplementation of serum progesterone during early pregnancy is conflicting, and
current interpretation suggests a moderate positive response in context of supporting
development of more advanced conceptuses, which are typically correlated with
increased production of IFNT.

In addition to progesterone, other intrauterine factors such as prostaglandins and
cortisol influence conceptus responses to the endometrium. For example, PTGS2,
the rate-limiting enzyme in endometrial prostaglandin synthesis, is upregulated in
the bovine endometrium in response to pregnancy and IFNT [84, 85]. Thus, IFNT
may stimulate greater endometrial PGE2 compared to PGF2a production, possibly
providing local support for the CL during early pregnancy. A role for prostaglandins
in elongation of the conceptus has been suggested in context of a local paracrine
role during early pregnancy [86]. A direct role of PGE2 on the CL has not yet been
described during early pregnancy in ruminants.

11.6 Development of Resistance of the CL
to PGF2a During Pregnancy

In 1988, Zarco demonstrated that PGF2a is secreted in nonpregnant ewes in a pul-
satile manner, whereas in pregnant ewes, PGF2u is released in a more constant
pattern that steadily increases [87, 88], indicating that the pulsatile release of
PGF2a, which is diminished in the pregnant ewe, may be required for luteolysis.
Prostaglandin pulses associated with luteolysis of cyclic ewes occur every 7-8 h
[89]. McCracken reported that uterine arterial infusion of OXT into ewes on day 16
of pregnancy did not elicit the same production of PGF2a that occurred during the
estrous cycle in ewes at 16 days post estrus [90], and that this may be caused by
the lower concentration of endometrial OXTR in pregnant versus cyclic ewes. The
enzyme responsible for metabolizing PGF2a, prostaglandin dehydrogenase
(PGDH), is elevated in the CL of pregnant ewes when compared to day 13 of the
cyclic ewes, thus indicating higher metabolism of PGF2a [31, 37]. Furthermore, the
dose of exogenous PGF2a necessary to cause luteal regression in pregnant ewes is
elevated, especially surrounding the time of maternal recognition of pregnancy,
compared to nonpregnant ewes [91].

The CL of pregnant ruminants is resistant to the luteolytic effects of PGF2a [31].
However, the biochemical mechanisms involved in luteal resistance to PGF2«x are
not well described. The lytic effects of intrafollicular injection of 200 pg PGF2a
were tested in ewes on day 12 of pregnancy or the estrous cycle. In nonmated ewes
and ewes without embryos present, serum progesterone declined, and 79-89 % of
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ewes returned to estrus within 2.4-2.9 days after PGF2a treatment. In contrast, 63 %
of pregnant ewes with normal-sized embryos did not return to estrus after PGF2a
treatment and also evidenced a decline in serum progesterone that then apparently
rebounded after 24 h. It was concluded from these studies that an antiluteolytic fac-
tor from the conceptus might overcome the lytic action of PGF2x [28]. When exam-
ining the response to dose of PGF2a treatment, Silvia and Niswender [91] reported
that CL from nonpregnant ewes responded (luteolysis) to lower doses of PGF2x on
day 12 post estrus compared to CL from pregnant ewes.

It was concluded that the CL of pregnancy was more resistant to the luteolytic
effect of PGF2a. When ewes were treated with PGF2a on days 13 or 16, serum
progesterone concentrations declined regardless of pregnancy status. However,
serum progesterone rebounded to levels before treatment with PGF2a in only day
13 and day 16 pregnant ewes [91]. This rebound in serum progesterone concentra-
tions did not occur when the same experiment was repeated on days 16 and 26 of
pregnancy. This result was interpreted to mean that the resistance of the CL to luteo-
lytic effects of PGF2a may develop between day 10 and 13 of pregnancy and is lost
between day 16 and 26 of pregnancy.

One obvious target for disruption of PGF2a-induced luteolysis is through its
receptor. However, the numbers of receptors for PGF2a do not appear to change in
response to pregnancy status on days 10 and 13 [92]. By day 15, there were actually
increased concentrations of PGF2a receptors on the CL in response to pregnancy
when compared to the estrous cycle. An increase in PGF2a-receptor mRNA con-
centrations also was observed in CL by day 16 of pregnancy when compared to the
estrous cycle [93]; which was consistent with former PGF2a receptor-binding stud-
ies. Numbers of PGE2 receptors did not change in the CL in this study. These find-
ings were interpreted as evidence that the CL of pregnant ewes is not protected from
the actions of PGF2a at the time of maternal recognition of pregnancy by a reduc-
tion in numbers or affinity of PGF2a receptors but through another mechanism.

Alterations in expression of PGF2a-degrading and PGF2a-synthesizing enzymes
have also been evaluated in the endometrium and CL. The manner in which PGF2a
is secreted is dependent upon an animal’s physiological status. Pregnant and non-
pregnant ewes have very different patterns of PGF2a release [89, 94]. Although
peak production of PGF2a occurs at day 14-15, regardless of pregnancy status,
ewes secrete PGF2a in a pulsatile fashion during the estrous cycle, whereas preg-
nant ewes have a more constant, slowly increasing pattern in the release of PGF2a
based on the presence of PGF2a metabolites [87, 88]. More PGF2« is found exiting
the uterus through the uterine vein in day 13 pregnant versus nonpregnant ewes
[38]. The change in peaks of PGF2a during pregnancy may be associated with
increases in metabolism by PGDH within the uterus and CL. Also, the presence of
PGF2a in the uterine vein during pregnancy may necessitate a self-preservation
mechanism for the CL to make PGDH. For example, PGDH mRNA is elevated in
the CL on day 4 of the estrous cycle and day 13 of pregnancy when compared to day
13 of the estrous cycle in ewes [37]. Enzyme assays to determine PGDH activity
revealed that production of PGFM was greater on day 4 in CL during the estrous
cycle and on day 13 in CL from pregnant ewes compared to CL on day 13 of the
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estrous cycle. PTGS2 mRNA concentrations in the CL did not differ between preg-
nant and nonpregnant ewes on day 12 or 13 post estrus [37, 95]. Silva and col-
leagues [37] reported a significant increase in PGDH mRNA and enzyme activity in
day 13 pregnant ewes compared to day 13 non-pregnant ewes, and Costine et al.
[95] did not detect these differences on day 12. Similarly, Romero et al. [25, 95] saw
no difference in PGDH mRNA concentrations using microarray approaches in CL
on days 12 and 14 of pregnancy and the estrous cycle. Aside from a change in syn-
thesis or degradation of PGF2a or numbers or sensitization of available receptors on
luteal cells, there are other potential mechanisms by which the CL may become
resistant to PGF2a during maternal recognition of pregnancy. Redundant or com-
plementary mechanisms may be in place to maintain the CL during pregnancy.
PGE1 [96] or PGE2 [97], in addition to other conceptus-derived factors such as
IFENT [25, 35, 52, 56, 57], may act on the CL to confer increased resistance of the
CL to PGF2a as pregnancy progresses.

11.7 Endocrine Release of IFNT into the Uterine Vein

When ovine [98] and bovine [99, 100] ISG15 mRNA concentrations were first
described to be upregulated in PBMC in response to early pregnancy, it was hypoth-
esized that IFNT or an IFNT-induced cytokine was released into the uterine vein and
had endocrine action during early pregnancy. Data to further support the concept for
an endocrine role of pregnancy was provided in cattle through examining genes
expressed in PBMC compared to endometrium on day 18 of pregnancy in dairy cows
[35]. In this study, several hundred endometrial (674 genes upregulated and 721
downregulated ~1.5 fold; P<0.05) and PBMC (375 genes upregulated and 784
downregulated ~1.2 fold; P<0.05) genes were differentially expressed based on
pregnancy status on day 18 of pregnancy. Many of the genes upregulated in response
to pregnancy in PBMC were the same as those upregulated in endometrium and were
ISGs. Pregnancy also induced 55 genes in CL on day 12 and 734 genes on day 14.
ISGs (i.e., ISG15 and MX1) represented many of the genes induced by pregnancy
that also were induced when culturing luteal cells with IFNT, but not PGE2 [25].
Other groups also have described a pregnancy-associated increase in ISGs in
peripheral tissues. For example, Green et al. [101] reported a significant increase in
ISG mRNA concentrations in leukocytes in response to pregnancy on day 18 in
dairy heifers, although this was not observed in lactating dairy cows. In contrast, on
day 19 of pregnancy, lactating dairy cows supplemented with progesterone had no
change in leukocyte ISG mRNA concentrations; however, pregnancy caused an
upregulation in concentrations of ISG mRNA [102]. A more extensive analysis of
ISGs in leukocytes was completed using beef cows, which demonstrated an increase
in mRNA concentrations between days 15 and 22 with a peak concentration by day
20 of pregnancy [103]. Use of leukocyte ISG mRNA concentrations to predict preg-
nancy status was more accurate when coupled with ultrasound examination for the
presence of a CL on day 20 of pregnancy. Also, upregulation of ISGs in the liver by
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day 18 of pregnancy was recently demonstrated in cattle [104], which is consistent
with previous reports of upregulation of liver ISGs in response to pregnancy in
sheep [52, 57]. Based on data from our laboratory in addition to these newer studies,
one might make the inference that the detection of ISGs in blood is a reasonable
indicator of pregnancy status in ruminants. However, there is a very large false-
positive rate because of strong induction of innate immune responses, including
upregulation of ISGs in response to infections and proinflammatory stressors in
dairy cows (see [35, 105]).

To further delineate the mechanism by which ISGs were upregulated in extra-
uterine tissues, antiviral activity was evaluated in uterine vein blood from day 15
pregnant sheep. Significant amounts of IFNT (~200 pg/24 h) were released into the
uterine vein on day 15 of pregnancy [58]. These results were actually similar to a
previous paper that also described significant antiviral activity in uterine vein blood
of pregnant sheep [106]. Preadsorption of uterine vein blood from day 15 pregnant
ewes with a highly specific monoclonal antibody against recombinant ovine (ro)
IFNT (provided by Dr. Fuller Bazer, Texas A&M University) significantly reduces
antiviral activity [57]. By using a very specific and sensitive radioimmunoassay,
IFNT has been detected in uterine flushings and uterine vein blood from pregnant
sheep but was not detected in uterine flushings or uterine vein blood from nonpreg-
nant sheep [52]. Similarly, by using mass spectroscopy, we have resolved IFNT in
uterine vein serum from day 16 pregnant sheep based on detection of eight peptides
ranging in size from 1147.75 to 2490.72 Da with a probability of amino acid match
from 91 to 97 % (four peptides with >95 % match). Based on these studies, we sus-
pect that IFNT is responsible for the bulk of the antiviral activity and is released in
amounts large enough to elicit a peripheral endocrine response.

11.8 Infusion of IFNT into the Uterine Vein Provides Luteal
Resistance to PGF2o

ISG mRNAs increased in the CL following intrauterine infusions or subcutaneous
treatment with rolFNT [107]. In this study, intrauterine infusion of IFNT caused a
delay of return to estrus whereas subcutaneous delivery did not, suggesting a pri-
mary paracrine role for IFNT on the endometrium. Endocrine actions induced by
IFNT were further studied [57] using mini-osmotic pump infusion of rolFNT for
24 h or 7 days into the uterine vein. Utilizing the average weight of 60 kg and blood
volume of 58 ml/kg for ewes, the blood volume was estimated to be 3.48 1. Oliveira
and colleagues previously estimated that the release of IFNT into the uterine vein on
day 15 is approximately 200 pg/day [58]. Based on these data, osmotic pumps were
loaded to deliver 200 pg/day, which results in a release of 8.3 pg/h into the uterine
vein. Employing the estimated blood volume as calculated here, systemic levels of
IFNT in circulation would stabilize around 2.4 ng/ml/h. The calculated systemic
level of IFNT in circulation is biologically relevant in the context of a dissociation
constant (K,) for the receptor of 3.7x 1071 M [108] and estimated 50 % occupancy
of the receptor at 6.3 ng IFNT/ml, although, based on the concept of spare receptors,
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only 1% of IFNT receptors need to be occupied to elicit a biological response,
which would reflect physiological levels of IFNT in the blood as low as 63 pg IFNT/
ml. To achieve endocrine delivery of 200 pg/day of recombinant interferon tau
(roIlFNT), osmotic pumps were surgically installed into the abdominal cavity to
infuse either BSA or rolFNT via a catheter into the uterine vein on day 10 of the
estrous cycle in sheep.

Seven days of infusion of roINFT into the uterine vein from day 10 to day 17 of
the estrous cycle resulted in 80 % (four of five ewes) of ewes having extended
estrous cycles lasting through day 32, whereas all ewes infused with BSA returned
to estrus by day 19 [57]. The single ewe that did not respond to this delivery of IFNT
through delay of return to estrus had low serum progesterone concentrations at the
time of pump installation that continued to decline over time, meaning that this ewe
presented a “short cycle” and had already started the luteolytic process at the start
of delivery of IFNT into the uterine vein. This experiment was the first demonstrat-
ing that endocrine delivery of low concentrations of IFNT systemically can induce
a significant (long-term) delay in returning to a normal estrous cycle. Subsequent
studies demonstrated that IFNT action through the induction of ISG15 consistently
occurred in CL ipsilateral and contralateral to the side of infusion of IFNT into the
uterine vein [56]. This result was interpreted to mean that IFNT probably did not
cross over from the uterine vein to ovarian artery to act on the CL. Rather, the action
of IFNT on the CL is thought to be a systemic rather than a local utero-ovarian
plexus transport. Also, serum progesterone concentrations did not differ in rolFNT-
versus BSA-infused ewes, which was consistent with reports by others showing that
IFNT does not have a luteotropic role in the context of increasing steroidogenesis
and production of progesterone [54, 109, 110].

To further study the mechanisms associated with endocrine action of IFNT, a
series of experiments with delivery of IFNT into the uterine vein and jugular vein,
as well as subcutaneous delivery of IFNT, were completed in the presence or
absence of an exogenous challenge with PGF2a [56, 57]. It was reasoned that if
IFNT had a direct action on the CL, then this would be reflected in blocking the
effect of exogenous challenge with PGF2« in causing a decline in serum progester-
one. Delivery of 20-200 pg/day rolFNT starting on day 10 of the estrous cycle into
the uterine vein, jugular vein, or through a subcutaneous route in the neck effec-
tively blocked the decline in serum progesterone caused by PGF2a injection on day
10.5 or 11 (depending on the study) in the BSA-infused controls [56, 57].

To examine mechanisms of IFNT action on the CL, CLs were collected at vari-
ous times following infusion with IFNT and treatment with PGF2a. Following a
24-h infusion of IFNT, there was an induction of ISG15 mRNA (as well as other
ISGs) in endometrium and ipsilateral and contralateral CL relative to the side of the
osmotic pump as well as the liver. These ISGs may contribue to development of
resistance of the CL to luteolysis,

Because daily temporal responses to pregnancy (IFNT) had not been described
in sheep in context of IFNT concentrations and then regulation of genes in endome-
trium and CL, we recently completed a study to see if ISGs induced by pregnancy
[52] were similar to those induced by mini-osmotic pump infusion of rolFNT
[56, 57]. By using an IFNT radioimmunoassay, IFNT was detected in uterine flushings
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by day 14 and in uterine vein serum by days 15-16 of pregnancy. ISG mRNA con-
centrations were detected in endometrium by day 13 of pregnancy, which was one
day prior to upregulation of ESR1 and OXTR mRNA concentrations on day 14 of
the estrous cycle. ISG mRNA concentrations in the CL and liver also were detected
by day 14 and in peripheral blood mononuclear cells by day 15 in pregnant ewes.
Concentrations of mRNAs for ISGs such as STAT1, STAT2, IRF7, IRF9 [52], and
melanoma differentiation factor 5 (MDAS; DDXS58), retinoic acid-inducible gene
(RIGI/IFIHI), and ISG15 were greater in the CL on day 14 of pregnancy compared
to the estrous cycle (Fig. 11.1). It was concluded that ISGs induced by pregnancy
were similar to those induced by miniosmotic pump infusion of rolFNT.
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To further examine the response of the CL to pregnancy, microarray studies were
completed that demonstrated that pregnancy on day 14 was associated with differen-
tial expression of 734 genes, many of which were ISGs induced when culturing
luteal cells with IFNT but not PGE2 [25]. In the CL of ewes, interleukin 6, lutein-
izing hormone/chorionic gonadotropin hormone receptor, pentraxin-related protein
3, and vascular endothelial growth factor gene expression was stabilized during
early pregnancy, but diminished as the estrous cycle progressed and in response to
culture of luteal cells with luteolytic hormones [25]. Culture of ovine LLC, SLC, and
mixed luteal cells (MLC) with recombinant ovine (ov) IFNT [56] and bovine LLC
and SLC with bovine (bo) IFNT (Fig. 11.2) resulted in increases in ISG15 mRNA
(concentration-dependent) and protein (time-dependent) concentrations.

Based on these results, in addition to paracrine action on the endometrium to dis-
rupt pulsatile release of PGF2a, pregnancy may also circumvent luteolytic responses
through activation or stabilization of gene expression associated with interferon,
chemokine, cell adhesion, cytoskeletal, and angiogenic pathways in the CL
(Fig. 11.3).

Yang and coworkers [113] described upregulation of ISG15 in the bovine CL by
day 16 of pregnancy, which continued to be upregulated through day 60 of preg-
nancy, which is consistent with other reports in cattle [114] and the induction of
ISG15 in CL by pregnancy in the sheep [25, 52, 58]. However, attempts to induce
ISG15 using bovine CL from day 15 of the estrous cycle through culture with
rbolFNT did not succeed; whereas culture of ovarian stroma, endometrium and
mammary cells all had greater ISG15 protein concentrations when cultured with
rboIFNT. The lack of a bovine luteal cell response to culture with IFNT is in con-
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Fig. 11.2 ISG15 mRNA concentrations in ovine small (SLC), large (LLC), and mixed (MLC)
luteal cells cultured with varying concentrations of rovIFNT (left panel) and ISG15 protein induced
in bovine SLC and LLC following culture with 10 ng/ml rbolFNT over time (right panel). The left
panel represents quantitative real-time PCR. (Reprinted with permission from [56]). The right panel
represents data from cultured bovine luteal cells prepared by J.S. Davis (University of Nebraska
Medical Center). Bovine luteal cells were purified by centrifugal elutriation [111]. After overnight
attachment in media containing 10 % fetal bovine serum, the cells were pre-equilibrated in serum-
free media for 2 h and treated with IFNT (10 ng/ml) for up to 24 h. Western blot analysis was per-
formed using 5F10 mouse monoclonal antibody against rbISG15 [61]. ISG15 becomes covalently
bound to targeted proteins, which are represented by conjugated ISG15 [112]. Means with different
superscripts differ (P < 0.05)
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trast to studies using day 10-12 ovine CL, where culture with IFNT strongly
upregulated ISGs. For this reason, we used the same rbolFNT (provided by
Dr. R.M. Roberts, University of Missouri) and antibody against boISG15 (5F10
[61]) and describe herein that 24 h culture of bovine luteal cells with rbolFNT does
indeed cause an upregulation in ISG15 free and conjugated proteins in both SLC
and LLC. The only difference in this study compared to the Yang study was use of
a ten-fold-lower concentration of rbolFNT and a different source of bovine cor-
pora lutea.

11.9 Conclusions

IENT is released from the conceptus trophectoderm cells in significant amounts
about the time that the blastocyst starts to expand. IFNT binds type 1 IFN receptors
and stimulates STAT's and IRFs that upregulate transcription of specific set of genes
(i.e., the ISGs) or downregulate genes encoding stimulators of synthesis and
release of PGF2a through binding to IFN stimulatory response elements. IFNT
inhibits the upregulation of endometrial ESR1, and this is thought to occur through
inhibitory action of induced and phosphorylated transcription factors directly on
the promoter of this gene in sheep. In cattle, the action of IFNT might reside on the
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OXTR gene [115]. The bovine OXTR gene promoter region was cloned and found
to contain an ISRE, ESR1 response element half-sites, and SP1 sites, and could
only be transactivated by estrogen if cells were cotransfected with ESR1 and ste-
roid receptor coactivator 1 [116]. Curiously, IRF2 overexpression, which is typi-
cally inhibitory in other systems, increased activity of the bovine OXTR promoter,
but a direct effect of IFNT on promoter activity was not reported.

Regardless, in both sheep and cattle, the synthesis and pulsatile release of PGF2a
is disrupted through paracrine action of IFNT on the endometrium, and this is con-
sidered to be an early maternal response to pregnancy and primary antiluteolytic
mechanism that protects the CL in ruminants. As the conceptus develops and elon-
gates, IFNT concentrations accumulate in the uterine lumen to the point where
IFNT passes through the basement membrane of the endometrium and enters the
endometrial venous drainage. Also, there may be variation in the expression of junc-
tional complex proteins that allow the endometrial cells to become more or less
leaky to movement of IFNT into the uterine venous blood [117]. IFNT responses,
such as induction of ISG15 mRNA in the endometrium (paracrine action), can be
detected as early as day 13 of pregnancy. This endometrial response to IFNT is fol-
lowed 1-2 days later in extrauterine tissues (endocrine action) on days 14—15. The
direct action of IFNT on the CL may confer resistance of the CL to the luteolytic
pulses of PGF2a (see Antoniazzi et al. [34]). In addition, IFNT may control anti-
apoptotic mechanisms and cell survival genes to ensure luteal cell differentiation
that prolongs luteal lifespan. Other studies remain to be done to determine where
the lytic pathway downstream from binding of PGF2a to its receptor may be blocked
during early pregnancy to confer resistance to luteolysis. Luteal resistance during
early pregnancy may occur in response to ISGs as proximal to the PGF2a receptor
as disruption of G-protein interaction to induce phospholipase C and consequent
activation of protein kinase C; or as distal as possibly stabilizing cell survival gene
expression and proteins to allow for recovery of the CL to any insults by PGF2a so
that production of progesterone continues during early pregnancy. Whether IFNT
acts alone or in concert with other CSP to directly protect the CL remains to be
determined. Ultimately, longer-term luteal survival and resistance to lytic effects of
PGF2a may be driven by pregnancy-induced ISGs, cell survival genes, and antilu-
teolytic mechanisms in the ruminant CL.
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