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Abstract

Establishment and maintenance of pregnancy results from signaling by the conceptus (embryo/fetus
and associated extraembryonic membranes) and requires progesterone produced by the corpus
luteum (CL). In most mammals, hormones produced by the trophoblast maintain progesterone
production by acting directly or indirectly to maintain the CL. In domestic animals (ruminants and
pigs), hormones from the trophoblast are antiluteolytic in that they act on the endometrium to
prevent uterine release of luteolytic prostaglandin F2 alpha (PGF). In cyclic and pregnant sheep,
progesterone negatively autoregulates expression of the progesterone receptor (PR) gene in the
endometrial luminal (LE) and superficial glandular epithelium (GE). Available evidence in cyclic
sheep indicates that loss of the PR is closely followed by increases in epithelial estrogen receptors
(ER) and then oxytocin receptors (OTR), allowing oxytocin to induce uterine release of luteolytic
PGF pulses. In pregnant sheep, the conceptus trophoblast produces interferon tau (IFN tau) that
acts on the endometrium to inhibit transcription of the ER alpha gene directly and the OTR gene
indirectly to abrogate development of the endometrial luteolytic mechanism. Subsequently,
sequential, overlapping actions of progesterone, IFN tau, placental lactogen (PL) and growth
hormone (GH) comprise a hormonal servomechanism that regulates endometrial gland
morphogenesis and terminal differentiated function to maintain pregnancy in sheep. In pigs, the
conceptus trophoblast produces estrogen that alters the direction of PGF secretion from an
endocrine to exocrine direction, thereby sequestering luteolytic PGF within the uterine lumen.
Conceptus estrogen also increases expression of fibroblast growth factor 7 (FGF-7) in the
endometrial LE that, in turn, stimulates proliferation and differentiated functions of the
trophectoderm, which expresses the FGF-7 receptor. Strategic manipulation of these physiological
mechanisms can offer therapeutic schemes to improve uterine capacity, conceptus survival and
reproductive health.

Background

The growth and development of the conceptus (embryo/
fetus and associated extraembryonic membranes) in
mammals unequivocally requires progesterone and pla-
cental hormone actions on the uterus that regulate
endometrial differentiation and function, pregnancy rec-
ognition signaling, uterine receptivity for blastocyst

implantation, and conceptus-uterine interactions [1-3].
Hormones from the conceptus act on the uterus in a para-
crine manner to establish and maintain pregnancy.

Establishment of pregnancy involves maternal recogni-
tion of pregnancy and implantation. Maternal recognition
of pregnancy is a phrase coined by Roger Short in 1969
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and can be defined as the physiological process whereby
the conceptus signals its presence to the maternal system
and prolongs lifespan of the corpus luteum (CL). In most
mammals, progesterone production by the CL is required
for successful pregnancy. Progesterone acts on the uterus
to stimulate and maintain uterine functions that are per-
missive to early embryonic development, implantation,
placentation and successful fetal and placental develop-
ment to term. Prolonged lifespan of the CL is a character-
istic feature of mammalian pregnancy in species with a
gestation period that exceeds the length of a normal
estrous or menstrual cycle, such as domestic animals, lab-
oratory rodents and humans.

Maintenance of pregnancy requires reciprocal interactions
between the conceptus and endometrium. Available evi-
dence supports the idea that hormones from the placenta
act directly on the uterine endometrium to regulate cell
differentiation and function. In domestic animals, the
endometrial glands undergo a program of hyperplasia fol-
lowed by hypertrophy that appears to be dependent on
temporal and spatial actions of hormones from the pla-
centa. Endometrial gland morphogenesis during preg-
nancy allows for the endometrium to increase output of
secretory proteins that are transported to the fetus by spe-
cialized areas of the placenta termed areolae. Histotrophic
nutrition from the endometrium is the first available
nutrition for the developing conceptus and appears to be
essential for conceptus survival and growth throughout
pregnancy in domestic animals. This review summarizes
current information on the biology of conceptus signals
for establishment and maintenance of pregnancy, with
particular emphasis on domestic animals (sheep and pig).

Pregnancy recognition, establishment and
maintenance in sheep (Ovis aries)

Luteolytic mechanism

Domestic animals are spontaneous ovulators that
undergo uterine-dependent estrous cycles until establish-
ment of pregnancy [4-6]. The estrous cycle is dependent
on the uterus, because it is the source of the luteolysin,
prostaglandin F,, (PGF). During the estrous cycle, the
endometrium releases oxytocin-induced luteolytic pulses
of PGF that result in functional and structural regression
of the ovarian CL, termed luteolysis. In sheep, the source
of luteolytic PGF pulses is the endometrial luminal epi-
thelium (LE) and superficial ductal glandular epithelium
(sGE) [7], because they express the oxytocin receptors
(OTR) [6] and are the only uterine cell types that express
cyclooxygenase 2 (COX-2), a rate limiting enzyme in the
synthesis of prostaglandins [8,9]. As illustrated in Figure
1, the luteolytic mechanism that develops in the endome-
trial LE and sGE requires sequential effects of progester-
one, estrogen and oxytocin, acting through their
respective receptors [5,10,11]. At estrus (Day 0), estrogens

http://www.rbej.com/content/2/1/49

from Graafian follicles stimulate increased uterine estro-
gen receptor alpha (ERa), progesterone receptor (PR), and
OTR expression [12,13]. However, PGF is not secreted,
because OT is not present due to the absence of a CL. Dur-
ing early diestrus, progesterone from the newly formed
corpus luteum (CL) stimulates accumulation of phos-
pholipids in LE and sGE that can liberate arachidonic acid
for synthesis and secretion of PGF [14]. During diestrus,
progesterone levels increase and act via PR to "block"
expression of ERa and OTR in the endometrial LE and
sGE [11]. Therefore, ERo. and OTR expression is not
detected between Days 5 and 11 of the cycle, i.e., during
most of diestrus. The precise molecular mechanism
whereby progesterone suppresses ERa gene transcription
is unknown. However, the effects of progesterone on OTR
gene expression may be indirect through suppression of
ERa. The rat OTR gene contains palindromic ER response
elements (EREs) that mediate effects of estrogens [15],
and the ovine OTR promoter DNA contains several Spl
elements that appear to mediate responsiveness to ligand
activated ERa (Bazer FW, JGW Fleming and TE Spencer,
unpublished results). Continuous exposure of the uterus
to progesterone for 8 to 10 days down-regulates expres-
sion of PR in endometrial LE and sGE after Days 11 to 12
[16], allowing for rapid increases in expression of ERa. on
Day 13 followed by OTR on Day 14 in LE and sGE
[17,18]. Progesterone down-regulation of PR expression
may involve PR-mediated decreases in PR gene transcrip-
tion [19,20]. Oxytocin, secreted from Day 9 of the estrous
cycle and pregnancy from the posterior pituitary and/or
CL, then induces release of luteolytic PGF pulses from the
endometrial LE and sGE on Days 14 to 16 [6]. The CL
undergoes regression, allowing the ewe to return to estrus
and complete the 17-day estrous cycle. The aforemen-
tioned model is based on correlative evidence. Critical
experiments in which ERa have been manipulated by
pure antiestrogens or knockdown have not been con-
ducted to confirm that induction of ERa in the endome-
trial LE and sGE is required for OTR gene expression and
luteolysis. In ovariectomized ewes, responsiveness to OT
develops in the absence of estradiol replacement [21-23].
Given that ERa can be activated by a number of growth
factors, such as insulin-like growth factor one and epider-
mal growth factor, in a ligand-independent manner, estro-
gen may not be needed during the initial development of
the endometrial luteolytic mechanism [24].

Thus, progesterone is paradoxically involved first in sup-
pressing and then inducing development of the endome-
trial luteolytic mechanism during the estrous cycle. The
timing of PR down-regulation by progesterone appears to
determine when the luteolytic mechanism develops in the
endometrium. This hypothesis is supported by the finding
that exogenous progesterone administration during mete-
strus decreased the interestrus interval in sheep and cattle
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Schematic illustrating hormonal regulation of the
endometrial luteolytic mechanism and antiluteolytic
effects of the conceptus on the endometrium in the
ovine uterus. During estrus and metestrus, oxytocin recep-
tors (OTR) are present on the uterine lumenal epithelium
(LE) and superficial ductal glandular epithelium (sGE),
because estrogen (E) levels are high and increase expression
of estrogen receptor alpha (ERa) and OTR. The progester-
one receptor (PR) is present, but low systemic levels of pro-
gesterone result in insufficient numbers of activated PR to
suppress ERa and OTR synthesis. During early diestrus,
endometrial ERa and estrogen are low, but progesterone
levels begin to increase with formation of the CL. Progester-
one acts through the PR to suppress ERa and OTR synthesis
for 8 to 10 days. Continuous exposure of the endometrium
to progesterone eventually down-regulates PR gene expres-
sion in the endometrial luminal epithelium (LE) by Days I | to
12 of the estrous cycle. The loss of PR terminates the pro-
gesterone block to ERa and OTR formation. Thus, ERa
appears on Days || to 12 post-estrus, which is closely fol-
lowed by OTR on Days 13 and [4. The increase in OTR
expression is facilitated by increasing secretion of estrogen
by ovarian follicles. In both cyclic and pregnant sheep, oxy-
tocin (OT) is released from the posterior pituitary and cor-
pus luteum beginning on Day 9. In cyclic sheep, OT binds to
OTR on the endometrial epithelium and increases release of
luteolytic pulses of prostaglandin F2a (PGF,,,) to regress the
CL through a COX-2 pathway. In pregnant sheep, inteferon
tau (IFNT) is synthesized and secreted by the elongating con-
ceptus beginning on Day |0 of pregnancy. IFNTt binds to Type
I IFN receptors (IFNAR) on the endometrial LE and inhibits
transcription of the ERa gene through a signaling pathway
involving IFN regulatory factor 2 (IRF-2). These actions of
IFNt on the ERa gene prevent OTR formation, thereby
maintaining the CL and progesterone production. Legend: E,
estrogen; ERq, estrogen receptor alpha; IFNT, interferon tau;
IRF-2, interferon regulatory factor two; OT, oxytocin; OTR,
oxytocin receptor; P, progesterone; PGF,,, prostaglandin F2
alpha; PR, progesterone receptor.
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[25,26]. Further, treatment of cyclic sheep with RU486, a
PR antagonist, during the early luteal phase extended the
interestrus interval [27]. PR antagonists prevent progester-
one down-regulation of PR gene expression, thereby
extending the period of PR expression [28].

Pregnancy recognition signaling by interferon tau (IFN7)
Maternal recognition of pregnancy in ruminants (sheep,
cattle, goats) requires that the conceptus elongate from a
spherical to a tubular and then filamentous form to pro-
duce IFNT, which is the pregnancy recognition signal that
prevents development of the endometrial luteolytic
mechanism [5,10,29]. This antiluteolytic effect of IFNt
results in the maintenance of a functional CL and, hence,
secretion of progesterone that is essential to maintain a
uterine environment that supports events critical to suc-
cessful development of the conceptus to term.

During maternal recognition of pregnancy, the mononu-
clear cells of the conceptus trophectoderm synthesize and
secrete IFNT between Days 10 and 21 to 25 with maximal
production on Days 14 to 16 [29,30]. In terms of biolog-
ical activity, a single Day 16 conceptus produces approxi-
mately 1 x 108 antiviral units of I[FNt in culture over 24 h
[31]. IFN7 appears to be the sole factor produced by the
conceptus that prevents development of the endometrial
luteolytic mechanism [32]. IFNt does not act to stabilize
PR expression in the endometrial epithelium during preg-
nancy [13,16,33]. Rather, IFNT acts in a paracrine fashion
on endometrial LE and sGE to suppress transcription of
ERa and OTR genes [33,34], thereby abrogating develop-
ment of the endometrial luteolytic mechanism. Indeed,
the increases in ERa. and OTR gene expression detected in
LE and GE on Days 11 to 17 post-estrus in cyclic sheep do
not occur in pregnant sheep [13] or in cyclic sheep infused
with IFNt [35]. By inhibiting increases in OTR expression,
IFNt prevents endometrial production of luteolytic pulses
of PGF. However, IFNt does not inhibit basal production
of PGF, which is higher in pregnant than cyclic ewes, and
the conceptus and IFNt do not affect COX-2 expression in
the endometrial epithelia of early pregnant sheep [9,36].
Thus, the antiluteolytic actions of IFNt are to prevent
increases in epithelial ERo. and OTR gene expression,
which are estrogen responsive, by directly inhibiting tran-
scription of the ERa gene and maintaining secretion of
progesterone by the CL [34].

IFN7 is a novel member of the Type I IFN family that acts
differentially on the endometrial LE, GE and stroma to
regulate expression of a number of IFN-stimulated genes
(ISGs) that are hypothesized to play roles in endometrial
differentiation and conceptus implantation [5,37-39].
The actions of IFN7 to signal pregnancy recognition [40]
and induce or increase expression of ISGs, including
ISG17 [41] and 2',5'-oligoadenylate synthetase (OAS)
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[42], is dependent on the effects of progesterone. The Type
I IFN receptor subunits, IFNAR1 and IFNAR2, are
expressed in all endometrial cell types with highest expres-
sion in endometrial LE [43]. However, the majority of
ISGs are induced or increased in response to the concep-
tus or IFNt only in the endometrial stroma and middle to
deep GE of the ovine uterus [37,41,42,44,45]. Interest-
ingly, the induction of many ISGs is also observed in the
porcine uterus during early pregnancy, and their
expression is limited to the endometrial stroma [46-48].
In the ovine uterus, the lack of ISG induction in the
endometrial LE and sGE by IFNt is apparently due to the
expression of IFN regulatory factor two (IRF-2), a potent
repressor of gene transcription that is constitutively
expressed in the endometrial LE and sGE and increased
during early pregnancy [44]. In addition, IRF-2 appears to
be involved in IFNt inhibition of ERa gene transcription
in the same endometrial epithelia [34].

The finding that ISGs are induced in the underlying
endometrial stroma led to the hypothesis that LE and per-
haps GE produce an "interferonomedin" from the basola-
teral epithelial surface that acts as a paracrine amplifier of
IFNT responses in stroma [10]. A more plausible explana-
tion is that IFNt produced by the conceptus may be trans-
ported across the LE cell layer or move passively into the
underlying endometrial stroma. Guillomot and cowork-
ers [49,50] observed that horseradish peroxidase injected
into the uterine lumen of pregnant sheep and cattle accu-
mulated in the endometrial stroma beneath the basement
membrane of the LE. This transport was mediated via
both transepithelial endocytotic activity (vesicles) and
passage through intercellular spaces between tight junc-
tions. These phenomena were especially marked when
systemic progesterone concentrations were high during
late diestrus and when PR is absent from the endometrial
LE. The precise nature of the crosstalk between progester-
one and IFN7 remains undefined.

Implantation and establishment of pregnancy

Progesterone, the hormone of pregnancy, plays a pivotal
and indisputable role in the establishment and mainte-
nance of pregnancy in mammals. In all mammalian uteri,
PR is expressed in the endometrial epithelia and stroma
during the early luteal phase, allowing direct regulation of
a number of genes by progesterone via activation of the
PR. However, continuous exposure of the endometrium
to progesterone down-regulates PR expression in the
endometrial epithelium [16]. Indeed, expression of PR
protein is not detectable in endometrial LE and GE in
sheep after Days 11 and 13 of pregnancy, respectively
[13]. Further, PR expression is only detected in stroma and
myometrium throughout most of gestation in the ovine
uterus. The paradigm of loss of PR in uterine epithelia
immediately prior to implantation is common to sheep
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[13], cattle [51], pigs [52], western spotted skunks [53],
baboons [54], rhesus monkeys [55], humans [55], and
mice [56]. Thus, regulation of endometrial epithelial
function during the peri-implantation period must be
directed by specific factors produced by PR-positive stro-
mal cells in response to progesterone [57]. In sheep,
endometrial stromal cells express both fibroblast growth
factor 10 (FGF-10) and hepatocyte growth factor (HGF)
while endometrial epithelium and trophectoderm express
their respective receptors, FGF receptor 2, (FGFR2;;,)
and c-met [58,59]. The tunica intima of uterine blood ves-
sels in sheep also expresses FGF-7, which acts via
FGFR2;,. Mechanisms regulating these stromal-derived
growth factors are not known.

Endogenous Jaagsiekte sheep retroviruses (en/SRVs)

The ovine genome contains 15 to 20 copies of endog-
enous betaretroviruses that are highly related to two onco-
genic exogenous betaretroviruses, JSRV and enzootic nasal
tumor virus (ENTV) [60]. Expression of endogenous
JSRVs (enJSRVs) in sheep is limited to epithelia of the ovi-
duct, uterus, cervix and vagina [61,62]. The enJSRV RNAs
are among the most abundant RNAs in the endometrium,
and their expression increases by 15-fold between Days 1
and 13 of the estrous cycle or early pregnancy [62]. Uter-
ine expression of enJSRV RNAs is restricted to the
endometrial LE and GE, which suggests physiological
roles in regulating conceptus-endometrial interactions,
production of IFNt, and placental differentiation and
development [60,63].

The JSRV capsid and envelope proteins are expressed by
endometrial LE and GE and detected in binucleate cells of
conceptus trophectoderm that forms syncytia with
endometrial LE. Indeed, steady-state levels of enJSRV
RNAs in LE and GE increase rapidly between Days 1 and
13 in cyclic and pregnant sheep and then decrease to low
levels by Day 15 in cyclic sheep and by Day 19 in pregnant
sheep. Further, increased expression of enJSRV genes in
uterine epithelia is highly correlated with changes in cir-
culating levels of progesterone in peripheral blood and
expression of PR in endometrial epithelia. Progesterone,
acting via PR, increases transcription of enJSRV genes in
vivo and transcriptional activity of several enJSRV long ter-
minal repeats (LTRs) in vitro [62]. Indeed, one or more
enJSRV LTR, which contain the retroviral promoter and
enhancers, are directly regulated by progesterone [62]. As
such, the enJSRVs are among the few known genes in the
endometrial epithelium of the ovine uterus directly
increased by progesterone via PR.

Extracellular matrix (ECM) and cell adhesion molecules

In both humans and rodents, the expression pattern of the
mucin glycoproteins, MUC1 and MUC4, on uterine LE
may control accessibility of trophectoderm integrin
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receptors to their ligands by sterically blocking cell-cell
and cell-extracellular matrix (ECM) adhesion and access
of conceptus trophectoderm to uterine LE [1,64]. The
implantation adhesion cascade in rodents, sheep and pigs
is initiated following down-regulation of MUC1, which is
coincidental with loss of PR from uterine epithelium
[1,65,66]. This pattern of MUC1 expression contrasts with
that in rabbits and humans in which there is an overall
increase in MUC1 expression during the receptive phase
under the influence of progesterone; however, MUCI is
locally reduced at implantation sites, perhaps due to para-
crine signals from blastocysts [1,67].

Integrins play a dominant role in interactions with ECM
to transduce cellular signals in uterine epithelial cells and
conceptus trophectoderm [64]. The endometrium exhib-
its both constitutive and cycle-dependent expression of
integrins and appears to be the only tissue known to
exhibit hormone-dependent integrin expression. Three
integrins are considered markers of uterine receptivity for
implantation in humans, which occurs when the uterus is
under the influence of progesterone. The timing of av3
expression correlates with embryo attachment and disap-
pearance of the a4 integrin subunit [68]. The presence of
both avf33 and a4p1 on the apical surface of uterine LE
suggests a role for these integrins in trophectoderm-LE
interactions during implantation. In sheep, o(v,4,5) and
B(1,3,5) integrin subunit expression occurs in
endometrium of both cyclic and pregnant sheep and con-
ceptus trophectoderm [66]. These integrin subunits are
detected at the apical surfaces of the LE and GE and on
conceptus trophectoderm; expression of these integrins is
constitutive and not influenced by pregnancy or presence
of the conceptus. In the sheep, receptivity to implantation
does not appear to involve changes in temporal or spatial
patterns of integrin expression, but may depend on
expression of ECM proteins, such as osteopontin (OPN),
which are ligands for heterodimers of these integrins [69].
In species such as pigs, mice, sheep and humans, correla-
tive expression patterns between specific integrins and
ECM proteins frame the putative window of implantation
[1,64,66,70]. In pigs, progesterone increases expression of
04B1 and o5B1 during the peri-implantation period,
which may in part define the "implantation window" in
this species [64,71].

Uterine gland secretions

In the sheep, continuous exposure of the uterus to proges-
terone induces expression of proteins in the endometrial
glands that are secreted into the uterine lumen. The two
best-characterized GE secretory products are the ovine
uterine milk proteins (UTMP), also termed ovine uterine
serpins, and OPN. UTMPs are members of the serpin fam-
ily of serine protease inhibitors [72] and serve as excellent
markers for endometrial secretory capacity during
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pregnancy in sheep [73-75]. In pregnant sheep, UTMP
mRNA expression is restricted to GE and not in LE or sGE.
UTMP mRNA expression is tightly regulated, appearing in
GE between Days 15 and 17, and then increasing in abun-
dance during gestation in a manner that parallels fetal
growth and development [73,75,76].

OPN is an acidic phophorylated glycoprotein component
of the ECM detected in epithelia and in secretions of many
tissues, including the uterus [69]. OPN binds to integrin
heterodimers (avp1l, ovp3, oavp5, ovp6, ovps8, o4fl,
a5B1, and a8B1) via its Arg-Gly-Asp (RGD) sequence and
to 04B1 and a9fB1 by other sequences to promote cell
adhesion, spreading and migration [69]. OPN increases in
uterine flushings from pregnant sheep during the peri-
implantation period (Days 11 to 17) when adherence and
attachment of conceptuses to uterine LE occurs [77,78].
Secreted OPN is hypothesized to bind integrin heterodim-
ers expressed by trophectoderm and uterus to: (1) stimu-
late changes in morphology of conceptus extraembryonic
membranes; and (2) induce adhesion between LE and tro-
phectoderm essential for implantation and placentation
[69]. Although OPN mRNA increases only in GE of preg-
nant sheep, OPN protein is localized on the apical aspect
of the endometrial LE, GE and conceptus trophectoderm
and continues to be present at the uterine-placental inter-
face. Similar to UTMP, the OPN gene is expressed in GE
throughout gestation and OPN abundance parallels fetal
growth and development [79].

Continuous administration of progesterone to sheep
induces UTMP and OPN expression by ovine
endometrium [28,73,74]. As revealed by Ing and cowork-
ers [80], treatment of ovariectomized sheep with proges-
terone for 6 days induced very little UTMP mRNA and
protein in the endometrium, whereas treatment with pro-
gesterone for 14 or 30 days greatly enhanced UTMP
expression. The protracted nature of this progesterone
effect is not typical of genes regulated by progesterone
through PR in a classic transcriptional manner involving
receptor interaction with ligand, homodimerization, and
DNA binding and transactivation. Recent studies support
the hypothesis that the loss of PR gene expression in GE is
required for progesterone induction of UTMP and OPN
gene expression [28,74]. Spencer and colleagues [74]
found that administration of estrogen with progesterone
induced PR expression in endometrial GE and concomi-
tantly ablated effects of progesterone alone to induce
UTMP and OPN mRNA expression in GE. Similarly,
administration of the PR antagonist ZK136,317 along
with progesterone ablated effects of progesterone alone to
induce OPN mRNA expression in GE [28]. In that study,
the ZK anti-progestin prevented progesterone from down-
regulating PR expression. The contention that loss of epi-
thelial PR is required for endometrial GE function during
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pregnancy is also supported by results from studies of PR
gene expression in endometrium from cyclic and preg-
nant sheep [12,13]. During early pregnancy, PR expres-
sion is detectable in LE and GE on Day 11, but PR are
undetectable in LE and sGE from Days 13 to 19, and are
present only in stromal cells and myometrium after Day
25 of gestation in sheep (Spencer TE and FW Bazer,
unpublished results).

Why does progesterone down-regulate expression of the
PR gene? Loss of PR by GE appears to be required for GE
morphogenesis and differentiated function, as well as to
prevent inhibition of these events by progesterone
[81,82]. In uterine LE of mice, progesterone inhibits estro-
gen-induced cyclin D1 and cyclin-dependent kinase 4
(cdk4) nuclear translocation, cyclin E- and cyclin A-cdk2
kinase activation, and cell proliferation [82]. Therefore,
liganded PR likely inhibits epithelial morphogenesis due
to negative effects on their progression through the cell
cycle. It follows that the absence of the PR after Day 15 in
GE of sheep uteri is essential for the endometrial glands to
undergo a pregnancy-dependent program of hyperplasia
from Days 16 to 50 followed by hypertrophy from Days
50 to term [75,83]. Interestingly, the PR gene is also not
expressed in the lobuloalveolar epithelium of the mam-
mary gland during lactation [84]. It is reasonable to spec-
ulate that the absence of PR is required for secretory
epithelia to initiate and maintain expression of genes
encoding secretory proteins. Available evidence suggests
that disruption of epithelial morphogenesis that involves
dysfunction of PR gene expression in the endometrial
glands could compromise blastocyst survival and growth
during early pregnancy [2].

Maintenance of pregnancy and placental hormone actions
on the uterus

In domestic animals, the placenta produces a variety of
steroid and protein hormones that act in a paracrine man-
ner on the endometrium to elicit changes in gene expres-
sion that support conceptus growth and development.
This section of the review describes effects of placental lac-
togens (PL) and growth hormone (GH) on endometrial
support of conceptus growth in sheep.

Uterine gland morphogenesis during pregnancy

In sheep, establishment and maintenance of pregnancy
requires integration of endocrine and paracrine signals
from the ovary, conceptus, and uterus [5]. Maintenance of
pregnancy requires reciprocal communication between
the conceptus and endometrium during implantation and
synepitheliochorial placentation. In sheep, superficial
implantation and placentation begins on Days 15-16, but
are not completed until Days 50-60 of pregnancy [83,85].
During this period, the uterus grows and remodels sub-
stantially to accommodate rapid conceptus development
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and growth in the latter two-thirds of pregnancy. In addi-
tion to placentomal development in the caruncular areas
of the endometrium and changes in uterine vascularity,
the intercaruncular endometrial glands grow substantially
in length (4-fold) and width (10-fold) and establish addi-
tional side-branchings during pregnancy [83]. During ges-
tation, endometrial gland hyperplasia occurs between
Days 15 and 50 followed by hypertrophy to increase sur-
face area that allows for maximal production of his-
totroph after Day 60 [73,75]. These uterine glands
synthesize, secrete or transport a variety of enzymes,
growth factors, cytokines, lymphokines, hormones, trans-
port proteins and other substances collectively termed his-
totroph [1,2,86]. Uterine glands undergo a similar
morphogenetic pattern of development during pregnancy
in other mammals (cow, goat, pig, horse, primates) [2].
Indeed, secretions from the endometrial epithelia influ-
ence conceptus survival, growth and development in all
mammals [2,87,88].

Hormonal servomechanism regulating uterine gland morphogenesis
and differentiated function

In the rabbit and pig, interactions between lactogenic hor-
mones and ovarian steroids have been proposed to consti-
tute a "servomechanism" which regulates endometrial
function [89,90]. Interactions between prolactin (PRL)
and progesterone increase endometrial proliferation and
uteroglobin secretion in long-term ovariectomized rabbits
by increasing the concentration of endometrial PR and
uterine responsiveness to progesterone [89,91]. This path-
way does not appear to be present in the ovine uterus,
because neither placental lactogen (PL) nor growth hor-
mone (GH) affect endometrial PR or ERa gene expression
[74].

The servomechanism proposed to regulate endometrial
gland proliferation and function during pregnancy in
sheep is illustrated in Figure 2. The pregnant ovine uterus
is exposed sequentially to estrogen, progesterone, IFNTt,
PL, and placental GH. These hormones appear to regulate
endometrial gland morphogenesis and differentiated
secretory function in the ovine uterus [74,92]. The placen-
tae of a number of species, including rodents, humans,
nonhuman primates and sheep, secrete hormones struc-
turally related to pituitary GH and PRL that are termed PLs
[93,94]. Ovine PL is produced by binucleate cells of the
conceptus trophectoderm beginning on Day 16 of preg-
nancy, which is coincident with the initiation of expres-
sion of UTMP and OPN expression by GE [75,77,78]. In
maternal serum, PL can be detected as early as Day 50 and
peaks between Days 120 to 130 of gestation [94]. A
homodimer of the PRL receptor (PRLR) as well as a het-
erodimer of PRLR and GH receptor (GHR) transduces sig-
nals by ovine PL [93]. In the ovine uterus, PL binding sites
are specific to GE expressing PRLR [92]. Temporal changes
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Schematic illustrating the current working hypothesis on the hormonal servomechanism regulating uterine
gland morphogenesis and function in the ovine endometrium during pregnancy. Interferon tau (IFNt) is produced
by the conceptus between Days || and 21-25 of pregnancy with maximal production on Days 15—16. High levels of endog-
enous Jaagsiekte sheep retroviruses (en)SRVs) are expressed in the PR-positive endometrial LE and GE in response to increas-
ing progesterone to stimulate trophoblast proliferation and production of IFNt. Continuous exposure of the endometrium to
progesterone for 8 to 10 days negatively autoregulates PR expression, so that LE and GE are PR-negative by Days | | and |3,
respectively. IFNT activates the JAK-STAT pathway in the endometrial glands which stimulates formation of STAT| homodim-
ers (or GAF) as well as the transcription factor IFN stimulated gene factor 3 (ISGF3; heterotrimer of STATI, STAT2 and IRF-
9). STAT| homodimers or GAF transactivate a GAS element in the IRF-1 gene. IRF-1 then binds to IRF-Es and transactivates
the UTMP promoter. ISGF3 transactivates ISREs present in the 2',5' oligoadenylate synthetase (OAS) gene. The 40/46-kDa
form of OAS interacts with the intracellular domain of the prolactin receptor (PRLR), which mediates the actions of ovine PL.
Specifically, OAS prevents PRLR signaling to STAT| and promotes signaling through STATS5. Ovine PL is produced by the con-
ceptus beginning on Days 16—17 of pregnancy, which is concomitant with the formation of binucleate cells in the trophecto-
derm. The actions of PL are mediated by PRLR homodimers or perhaps heterodimers of PRLR and growth hormone receptor
(GHR) that stimulate formation of STAT5 homodimers. STAT5 dimers bind and transactivate the GAS element in the UTMP
promoter. The induction of UTMP gene expression in the GE by IFNt-stimulated IRF-I is maintained by the actions of PL
through STATS.

in conceptus production of PL are correlated with  tion of UTMP and OPN by the GE during pregnancy. The
endometrial gland morphogenesis and increased produc-  ovine placenta also expresses GH between Days 35 and 70
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of gestation [95], which is correlated with onset of GE
hypertrophy and maximal increases in UTMP and OPN
gene expression by GE. These results suggest that mem-
bers of the lactogenic and somatogenic hormone family
play key roles in stimulating endometrial gland
morphogenesis and differentiated function during preg-
nancy to facilitate conceptus growth and development.

A number of studies support the idea that sequential
exposure of the pregnant ovine endometrium to estrogen,
progesterone, IFNt, PL and placental GH constitutes a
"servomechanism”, which activates and maintains
endometrial remodeling, secretory function and uterine
growth during gestation [5]. Intrauterine infusions of
recombinant ovine PL or GH increased UTMP and OPN
expression by uterine GE of progesterone-treated sheep,
but only when the sheep were infused sequentially with
IFNt between Days 11 and 21, and then either PL or GH
from Days 16 to 29 after onset of estrus [74]. The mecha-
nism whereby effects of IFNt permit GE to become
responsive to PL and GH is not entirely known, but it may
involve IFNt induction or increases in genes involved in
signal transduction including signal transducers and acti-
vators of transcription one (STAT1), STAT2, IRF-1, IRF-9,
and 40/42-kDa 2',5'-OAS [42,44]. The increase in UTMP
expression by endometrial GE was partly attributed to
effects of PL and GH to increase the number of endome-
trial glands, because intrauterine infusion of PL and GH
into sheep, treated with progesterone and IFNt, was
found to increase endometrial gland size; an effect not
observed in sheep infused with either PL or GH alone
[92]. The ability of PL and GH to elicit similar effects on
endometrial glands is not surprising since they are mem-
bers of a unique hormone family based on genetic, struc-
tural, binding, receptor signal transduction and function
studies [93]. In total, these studies suggest that a develop-
mentally programmed sequence of events, mediated by
specific paracrine-acting factors at the conceptus-endome-
trial interface, stimulate both intercaruncular endometrial
remodeling and differentiated function of GE to increase
production of histotroph necessary for fetal-placental
growth during gestation.

Pregnancy recognition, establishment and maintenance in
pigs (Sus scrofa)

Luteolytic mechanism

The pig is a spontaneously ovulating mammal with an
estrous cycle of 21 days. Luteolysis is uterine-dependent
and occurs during late diestrus following stimulation of
the uterine endometrium by progesterone for 10 to 12
days. The uterine luteolysin in pigs is PGF, although
endocrine requirements for luteolysis in pigs have not
been clearly delineated [96,97]. Hysterectomy extends the
estrous cycle and CL function by removing the source of
PGF. The CL of pigs are refractory to luteolytic effects of
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PGF until Days 12-13 of the estrous cycle [98], because of
low numbers of luteal receptors for PGF [99]. Luteolysis
occurs in response to pulsatile release of PGF into the uter-
ine venous drainage on Days 15 and 16 of the estrous
cycle [100].

In ruminants, oxytocin from the CL binds uterine OTR to
elicit pulses of PGF, but this mechanism is not well-
defined for pigs [97]. The CL of pigs contain very low lev-
els of OT and vasopressin and undetectable levels of OT
mRNA, and the role of these neuropeptides of ovarian
and/or posterior pituitary origin in luteolysis has not been
established [96]. Recent results indicate that the
endometrium is a source of OT that may be involved in
luteolysis, but the role of endometrial OT remains to be
defined. Exogenous OT decreases interestrous interval
when administered to cyclic gilts between Days 10 and 16
post-estrus [101]. The endometrium of pigs contains
receptors for OT and lysine vasopressin, but only
responds to OT with increased secretion of PGF [102].

Concentrations of oxytocin increase in the peripheral cir-
culation during luteolysis in the pig [103]. In addition,
oxytocin-induced increases in circulating concentrations
of PGF metabolite (PGFM) are reduced in pregnant gilts
compared to cyclic gilts or in gilts made pseudopregnant
by injection of exogenous estrogen from Days 11-15 post-
estrus. Prostaglandins, however, are thought to be critical
for establishment of pregnancy in the pig, because inhibi-
tion of prostaglandin synthesis results in pregnancy fail-
ure and basal peripheral concentrations of PGFM are
elevated in pregnant gilts on Day 12 [104].

Endocrine-exocrine theory of pregnancy recognition in
pigs

The endocrine-exocrine theory of maternal recognition of
pregnancy in pigs was first described by Bazer and
Thatcher [105]. The major assumptions are that the uter-
ine endometrium secretes PGF and that the conceptuses
secrete estrogens which are antiluteolytic (see Figure 3). In
cyclic gilts, PGF is secreted in an endocrine direction,
toward the uterine vasculature, and transported to the CL
to exert its luteolytic effect. However, in pregnant pigs, the
direction of secretion of PGF is exocrine, into the uterine
lumen, where it is sequestered away from the CL to exert
its biological effects in utero and/or be metabolized to pre-
vent luteolysis. Mean concentrations, peak frequency and
peak amplitude of PGF in utero-ovarian vein plasma are
lower in pregnant and estrogen-induced pseudopregnant
gilts than in cyclic gilts [100,106]. On the other hand,
uterine flushings from pseudopregnant and pregnant gilts
have significantly higher amounts of PGF than those from
cyclic gilts [107]. These results indicate that PGF is
released primarily into the uterine venous drainage
(endocrine) in cyclic gilts, but into the uterine lumen
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Schematic illustrating the inhibition of luteolysis in
pigs. Estrogens produced by the conceptus alters the
direction of prostaglandin F2a (PGF20) secretion
from an endocrine to an exocrine direction (uterine
lumen). Additionally, PGF2a of uterine origin is taken up by
the mesometrium and transferred into the uterus in arterial
blood by a counter current system operating in the broad lig-
ament of the uterus. Estrogen also increases prostaglandin E2
(PGE2) secretion by the pig uterus, which is hypothesized to
protect the corpus luteum from the luteolytic actions of
PGF2a. Estrogen also maintains luteinizing hormone recep-
tors (LHR) in the CL and has a direct luteotropic effect. This
figure was modified from Ziecik and coworkers [97].

(exocrine) in pregnant and pseudopregnant pigs and that
secretion of PGF is not inhibited during either pregnancy
or pseudopregnancy.

The transition from endocrine to exocrine secretion
occurs between Days 10 and 12 of pregnancy, which is
temporally associated with initiation of estrogen secretion
by elongating pig conceptuses [108]. Estrogens, either
secreted by the conceptus or injected, induce a transient
release of calcium into the uterine lumen within 12 h. Re-
uptake of that calcium by endometrial and/or conceptus
tissues occurs about 12 h after concentrations of calcium
in uterine secretions reach maximum values. The switch in
direction of endometrial secretion of PGF from an endo-
crine to an exocrine orientation is closely associated with
this period of release and re-uptake of calcium by the
endometrium in pregnant and pseudopregnant gilts.
When endometrium from Day 14 cyclic gilts was treated

http://www.rbej.com/content/2/1/49

with the calcium ionophore A23187 (to induce calcium
flux across epithelial membranes), estradiol or prolactin
secretion of PGF changed from an endocrine toward an
exocrine direction [109]. These results suggest that induc-
tion of calcium cycling across endometrial epithelium is
associated with redirection of PGF secretion.

Uterine PGF is luteolytic and estrogens produced by con-
ceptuses between Days 11 and 12 of gestation provide the
initial signal for maternal recognition of pregnancy in
swine [110]. A second period of estrogen production
occurs between Days 15 and 25-30 of pregnancy. Injec-
tion of exogenous estrogen on Days 11 through 15 of the
estrous cycle results in CL maintenance for a period equiv-
alent to or slightly longer than pregnancy (about 120 days
later). This condition is referred to as pseudopregnancy
[111]. Whereas a single injection of estradiol on either
Day9.5,11, 12.5, 14, 15.5 or 14-16 results in interestrous
intervals of about 30 days, estradiol must be administered
to gilts on Day 11 and Days 14-16 or daily from Days 11
to 15 to obtain interestrous intervals of greater than 60
days. This suggests that two phases of estradiol, similar to
that produced by conceptuses on Days 11-13 and Days
15 to 25-30, are necessary for prolonged secretion of PGF
into the uterine lumen. PGF from the uterus is taken up by
the mesometrium and transferred to the ovary in arterial
blood by a countercurrent system that exists in the broad
ligament of the uterus [112]. Estrogen also changes the
ratio of PGE:PGF [113-115] as well as maintains LH recep-
tor levels in both CL and uterus [116,117]. PGE, may pro-
tect the CL from the luteolytic effects of PGF. Indeed,
estradiol has been suggested to have a direct luteotropic
effect in the pig [118].

Estradiol may induce receptors for maternal hormones,
e.g., prolactin, or conceptus secretory proteins, which
influence exocrine secretion of PGF [90,119]. The first
estrogen signal may induce those receptors and the sec-
ond estrogen signal may be required to replenish those
receptors. Administration of estradiol on Day 9 advances
the uterine secretory response in pregnant gilts which
leads to conceptus death by Day 16 [120,121]. The
"induced" conceptus death results from ansynchrony
between development of the conceptus and uterine envi-
ronment [111]. Available results indicate that estrogens of
blastocyst origin are essential for maternal recognition of
pregnancy in pigs and that secretory proteins from the
conceptus, including interferons, play other roles during
early pregnancy in pigs, including cellular changes that
lead to increased polarity of endometrial epithelial cells
for exocrine secretion of components of histotroph,
including PGF [47,96,122].
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Implantation and establishment of pregnancy

Placental estrogens and endometrial factors

In the pig, an increase in selected histotroph components
occurs in the uterine lumen immediately following the
release of estrogens from the conceptus on Day 11 of preg-
nancy [123]. Placental estrogens also act on the endome-
trial epithelia in a paracrine manner to increase expression
of specific growth factors, including insulin-like growth
factor one (IGF-I) and fibroblast growth factor seven
(FGF-7; also termed keratinocyte growth factor or KGF),
and perhaps OPN, that then act on the trophectoderm to
stimulate cell proliferation as well as conceptus attach-
ment and development.

IGF-I is a pleiotropic growth factor required for postnatal
uterine growth and conceptus growth and development in
the mouse [124]. In the porcine uterus, IGF-I is primarily
expressed by endometrial GE of both cyclic and pregnant
pigs [125]. Endometrial IGF-I gene expression increases
during early pregnancy and peaks on Days 12-13, which
is coincidental with production of estrogens by the elon-
gating conceptus [126,127]. Treatment of either ovariect-
omized or cyclic gilts with estrogen increases IGF-I
expression in the uterus [126]. Type I IGF receptors were
detected in the endometrium as well as in the conceptus,
suggesting paracrine and autocrine modes of action of
IGF-1 in the uterine microenvironment [124].

FGF-7 is an established paracrine mediator of hormone-
regulated epithelial growth and differentiation [128]. In
all organs studied before the pig uterus, FGF-7 was
uniquely expressed in cells of mesenchymal origin.
Intriguingly, expression of FGF-7 in the porcine uterus is
particularly abundant between Days 12 and 15 of the
estrous cycle and pregnancy. FGF-7 is expressed exclu-
sively in the uterine LE until Day 30 of pregnancy when
expression shifts to the GE and is maintained in the GE
throughout gestation [129]. Endometrial FGF-7 mRNA
levels were highest on Day 12 in pregnant gilts and Day 15
in cyclic gilts, and greater on Day 12 of pregnancy than on
Day 12 of the estrous cycle. FGF-7 protein was detected in
the uterine flushes of both Day 12 cyclic and pregnant
gilts. FGFR2;;,,, the receptor for FGF-7, is expressed in
both endometrial epithelia and conceptus trophecto-
derm. Treatment of endometrial explants from Day 9
cyclic gilts with estradiol-17f increased FGF-7 expression
[130]. Further, treatment of porcine trophectoderm cells
with recombinant rat FGF-7 increased their proliferation,
levels of phosphorylated FGFR2;;,, activated the mitogen-
activated protein kinase (MAPK or ERK1/2) cascade, and
increased expression of urokinase-type plasminogen acti-
vator, a marker for trophectoderm cell differentiation
[130]. Collectively, these results indicate that estrogen, the
pregnancy recognition signal from the pig conceptus,
increases uterine epithelial FGF-7 expression, and, in turn,
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FGF-7 stimulates the proliferation and differentiation of
conceptus trophectoderm in pigs, which posess a true epi-
theliochorial placenta [131].

Pigs have a novel expression pattern for OPN in that it is
expressed directly in the endometrial LE, supporting the
idea that secretion of OPN across the entire diffuse epithe-
liochorial interface is vital in this species [132]. Expres-
sion of OPN mRNA begins in discrete regions of the LE
associated with the presence of the conceptus prior to
attachment, and expands to the entire LE by Day 20 when
firm adhesion of conceptus to uterus has occurred. Glan-
dular expression of OPN mRNA is delayed until between
Days 30 and 35 of pregnancy, and GE expression results
in 20-fold increases of OPN between Days 25 and 85.
Therefore endometrial OPN expression has a bicameral
and bimodal nature in pigs. It is hypothesized that factors
released from the elongating conceptus exert paracrine
effects on the progestational uterus to induce expression
of OPN in LE. OPN released from LE then binds integrin
receptors on trophectoderm and LE to mediate elongation
and attachment. Later in pregnancy, progesterone from
the CL induces expression of OPN in GE resulting in secre-
tion and transport of OPN to the embryo as histotrophic
support for growth and development throughout
gestation.

Trophoblastic interferons

Between Days 12 and 20 of pregnancy in the pig, two
unique IFNs were discovered in uterine flushings and
supernatants of conceptus-conditioned medium. The pre-
dominant species was found to be Type II IFN (IFNy)
[133], while the other species was shown to be a novel
Type I IEN (IFNS), previously known as sp-1 IFN
[134,135]. IFNYy is secreted by the pig embryo in substan-
tial amounts (up to 250 pg per uterine horn) with peak of
synthesis being observed on Days 15-16 of pregnancy.
The secretion of large amounts of IFNy by non-lymphoid
cells makes the pig conceptus unique among mammals.

IFNs from the porcine trophoblast do not appear to affect
the trophoblast in an autocrine manner, and they are not
detectable in the uterine venous drainage [135,136].
Intrauterine infusion of pCSP on Days 12 to 15 of the
estrous cycle had no effect on interestrous interval or tem-
poral changes in concentrations of progesterone in
plasma [137]. Similarly, available evidence does not sup-
port a role for porcine trophoblast IFNy to maintain func-
tion of the CL [137]. However, recent evidence in the pig
uterus supports a role for porcine trophoblast I[FNs in the
establishment of pregnancy and implantation [46,48].

Blastocyst attachment to the LE, one of the most impor-
tant functions of the uterine endometrium, can only be
achieved by the transitional labilization and remodeling
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of uterine epithelium polarity, after the synchronous
exchange of signals between the conceptus and endome-
trial cells [138]. Cencic and coworkers [47] hypothesized
that trophoblast IFNs in the pig may stimulate the remod-
eling and/or depolarization of the uterine endometrial
epithelium, as a prerequisite for implantation and estab-
lishment of a functional placenta. On Day 15 of preg-
nancy, immunoreactive IFNy protein was detected in cell
clusters unevenly localized along the endometrial LE of
the pig uterus, with the underlying stroma, blood vessels
and glandular cells mainly negative. Staining in the LE
was only visible in areas adjacent to the trophoblast, but
was occasionally absent in areas of close apposition
between the trophoblast and LE. In the endometrial epi-
thelium of the pregnant Day 15 porcine uterus, de novo
appearance of zona occludens one (ZO-1), a marker of
epithelial tight junctions, was observed at the basal side of
the LE, suggesting significant changes to the endometrial
polarity in response to conceptus interferons. IFNy is
known to be a specific and potent inducer of MHC class II
molecules [139]. In the stroma of the Day 15 cyclic uter-
ine endometrium, MHC class II molecules were not
detected. In contrast, an intense immunoreactivity of
MHC class I molecules was observed within the endome-
trial stroma of pregnant uterus. MHC class II molecules
were distributed within the vascular elements beneath the
LE of pregnant uterus and within blood vessels further
inside the stroma. The LE of the pregnant porcine uterus
was completely negative for MHC II molecules, which
seems to confirm that these cells are not receptive to IFNy.
However, these observations do not exclude the possibil-
ity that they may respond to IFNy through altered expres-
sion of other genes. In addition to this study, other recent
studies indicate that a number of IFN stimulated genes,
including Mx, ISG15/17, IRF-1, STAT1, and STAT2, are
increased specifically in the endometrial stroma during
early pregnancy (Days 14-18) in the pig [48] (Johnson
GA and MM Joyce, unpublished results). Indeed, induc-
tion or increases in ISGs during early pregnancy are
observed in the endometrium of many mammals (sheep,
cow, pig, mouse, rat, primate, human), suggesting that
they are universally involved in pregnancy establishment
and perhaps maintenance in mammals. Although little is
known about the functions of stromal leukocytes during
early pregnancy in the sheep and pig, clear evidence exists
for the presence of lymphocytes, granulocytes, and macro-
phages are present in the endometrial stroma in these spe-
cies as in rodent species and in human. Indeed, conceptus
production of IFNs in both the sheep and pig may regu-
late endometrial cell function during early pregnancy via
stromal immune cells.

Conclusions
Progesterone and PR are critical to changes in uterine biol-
ogy of the estrous cycle and pregnancy in all mammals. In
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the sexually mature female, progesterone and PR effects
during both the estrous cycle and pregnancy must be
understood in the context of temporal and spatial changes
in the pattern of PR expression. It is clear that uterine stro-
mal and myometrial cells are always PR-positive and may
respond to progesterone by producing paracrine factors
that regulate proliferation and/or differentiated functions
of endometrial epithelia during pregnancy. This poses a
number of interesting questions. Why are PR down-regu-
lated in the endometrial epithelia, but not stromal and
myometrial cells? What is the molecular mechanism by
which progesterone down-regulates expression of the PR
gene in epithelia, but not stromal cells of the
endometrium? What are the mechanisms by which stro-
mal cells regulate epithelial cell functions in reproductive
tissues? How do cell signaling pathways activated by
growth factors, IFNs and somatolactogenic hormones
converge to establish the servomechanism that regulates
uterine functions critical to maintenance of pregnancy in
ruminants? Are there other ERVs, like enJSRV, that are reg-
ulated by progesterone and PR in the uterus that affect
uterine biology and/or conceptus development? We have
learned much about effects of progesterone and expres-
sion of PR, but there are many unresolved questions
about the extent and magnitude of the effects of this key
hormone of the estrous/menstrual cycle and pregnancy
and its receptor. There exists a clear need to understand
convergence of interactions between cell signaling events
mediated by progesterone acting via PR, progestamedin
growth factors acting via their respective receptors, lac-
togenic hormones acting via PRL-R and GH-R, and IFNt
acting through the Type I IFN receptor that regulate prolif-
eration and differentiated functions of uterine endome-
trial cells throughout gestation. Strategic manipulation of
the aformentioned physiological mechanisms may offer
insights into therapeutic strategies to improve uterine
capacity, conceptus survival and reproductive health in
humans and domestic animals.
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