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ABSTRACT: All mammalian uteri contain endome-
trial glands that synthesize or transport and secrete
substances essential for survival and development of
the conceptus (embryo/fetus and associated extraem-
bryonic membranes). The ovine uterine gland knockout
ewe model supports a primary role for endometrial
glands and, by default, their secretions as essential for
conceptus survival and development during the peri-
implantation period of pregnancy. Endometrial adeno-
genesis, the process whereby glands develop in the
uterus, is primarily a postnatal event in domestic and
laboratory animals, as well as in humans. Endometrial
adenogenesis involves differentiation and budding of
glandular epithelium from lumenal epithelium, fol-
lowed by invagination and extensive tubular coiling and
branching morphogenesis throughout uterine stroma
to the myometrium. In sheep, pituitary prolactin acting
on prolactin receptors expressed by uterine glandular
epithelium regulates endometrial adenogenesis. In con-
trast, expression and functional activation of estrogen
receptor α in the uterus is a primary regulator of endo-
metrial adenogenesis in the pig. In adult sheep and

Key Words: Conceptus, Hormone, Pigs, Placenta, Sheep, Uterus

 2004 American Society of Animal Science. All rights reserved. J. Anim. Sci. 2004. 82(E. Suppl.):E4–E13

Introduction

Conceptus (embryo/fetus and associated extraembry-
onic membranes) growth and development is dependent
initially on the endometrium and then on both the endo-
metrium and placenta once implantation and then pla-
centation are completed by midpregnancy. Histotrophic

1This article was presented at the 2003 ADSA-ASAS-AMPA meet-
ing as part of the Triennial Reproduction symposium.

2This research was supported in part by NIH grant HD38274,
USDA-BARD grants OEP 9604563 and US-3199-OCR, and USDA
NRI grants 98-35203-6322, 2000-35203-9137, and 2001-02259.

3Correspondence: 442 Kleberg Center, 2471 TAMU (phone: 979-
845-9246; fax: 979-862-2662; e-mail: tspencer@tamu.edu).

Received August 4, 2003.
Accepted August 30, 2003.

E4

pigs, extensive endometrial gland hyperplasia and hy-
pertrophy occur during gestation, presumably to pro-
vide increasing histotrophic support for conceptus
growth and development. A servomechanism has been
proposed in sheep and pigs to regulate endometrial
gland development and differentiated function during
pregnancy that involves sequential actions of ovarian
steroid hormones, pregnancy recognition signals, and
lactogenic hormones from the pituitary and/or placenta.
The fact that disruption of uterine development during
critical organizational periods can alter the functional
capacity and embryotrophic potential of the adult
uterus reinforces the importance of understanding
uterine developmental biology. Defects in endometrial
gland morphogenesis during uterine growth and devel-
opment may cause the unexplained, high rates of peri-
implantation embryonic loss in domestic animals and
humans. Knowledge of the basic mechanisms regulat-
ing uterine development is expected to suggest means
to increase uterine capacity, litter size, and neonatal
survival, as well as ameliorate certain types of infer-
tility.

nutrition is primarily derived from the secretions of
uterine glands that bathe the conceptus and are ab-
sorbed by placental areolae. Areolae are unique placen-
tal structures in ruminants and pigs that develop over
the mouth of each uterine gland as specialized areas
for absorption and transport of uterine histotroph.
Hematotrophic nutrition is derived from maternal
blood and is, in large part, influenced by uterine blood
flow. Following placentation, the requirement for histo-
troph remains critical in domestic animals with an epi-
theliochorial (pig) or synepitheliochorial (sheep, cattle,
and goat) placenta. Histotrophic and hematotrophic nu-
trition influence conceptus development, onset of preg-
nancy recognition signals, and fetal-placental growth in
the ungulate uterus. It is becoming clear that placental
hormones act in a paracrine manner on the uterus to
maximize production of histotroph. Knowledge of basic
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mechanisms regulating uterine development and func-
tion in the neonate and adult is necessary to develop
biotechnological tools to increase uterine capacity and
fetal growth, thereby enhancing reproductive efficiency
and profitability of animal production agriculture. This
review summarizes current information on the role of
uterine and placental factors regulating conceptus
growth in domestic animals, with particular emphasis
on the sheep and pig.

Uterine Factors Regulating Conceptus Growth

Most uterine factors that regulate conceptus growth
in domestic animals emanate from the endometrial
glands as histotroph or result from increases in the
diameter and number of uterine blood vessels to allow
increased blood flow to the uterus and hematotrophic
nutrition for the fetus. This section of the review spe-
cifically focuses on the function and developmental biol-
ogy of uterine endometrial glands.

The Functional Role of Endometrial Glands
and Their Secretions

All mammalian uteri contain endometrial glands
that synthesize and secrete or transport a complex
array of proteins and related substances termed histo-
troph (Wimsatt, 1950; Amoroso, 1952; Bazer, 1975),
which is a complex mixture of enzymes, growth factors,
cytokines, lymphokines, hormones, transport proteins,
and other substances. The idea that uterine secretions
nourish the developing conceptus was discussed by Ar-
istotle in the third century BC, and by William Harvey
in the 17th century. In 1882, Bonnett concluded that
secretions of uterine glands were important for fetal
well-being in ruminants (Bonnett, 1882). Evidence from
primate and subprimate species during the last century
supports an unequivocal role for secretions of endome-
trial glands as primary regulators of conceptus sur-
vival, development, production of pregnancy recogni-
tion signals, implantation, and placentation (reviewed
in Bazer et al., 1979; Roberts and Bazer, 1988; Bartol
et al., 1999; Carson et al., 2000; Gray et al., 2001a).
Recent studies of the uterine gland knockout (UGKO)
ewe model revealed an essential role for endometrial
glands and their secretions in normal estrous cycles
and in peri-implantation conceptus survival and growth
(Gray et al., 2000a, 2001b, 2002).

Continuous administration of a synthetic, nonmetab-
olizable progestin to neonatal ewes from birth to postna-
tal day (PND) 56 permanently ablated adenogenesis of
glandular epithelium (GE) from lumenal epithelium
(LE) in the endometrium and produced a UGKO pheno-
type without altering development of myometrium or
other Müllerian duct-derived female reproductive tract
structures or the hypothalamic-pituitary-ovarian axis
(Bartol et al., 1988b; Spencer et al., 1999c; Gray et al.,
2000b, 2001b). These ewes do not exhibit normal 17-d
estrous cycles due to the inability of the uterus to pro-

duce sufficient luteolytic pulses of PGF2α. The lack of
superficial or ductal GE, coupled with an overall reduc-
tion in LE surface area, reduced the numbers of oxyto-
cin receptors that could respond to oxytocin (Gray et
al., 2000a; Spencer and Bazer, 2002).

Exogenous PGF2α induces luteolysis in UGKO ewes,
and they display normal estrus mating behavior (Gray
et al., 2000a, 2001b, 2002). However, adult UGKO ewes
are unable to establish pregnancy (Gray et al., 2000a,
2001c, 2002), and transfer of normal hatched blasto-
cysts into the uteri of timed recipient UGKO ewes failed
to ameliorate this defect or to establish pregnancy (Gray
et al., 2001c). Morphologically normal blastocysts are
present in uterine flushes of bred UGKO ewes on d 6
or 9 after mating, but not on d 14 (Gray et al., 2001c,
2002). On d 14, uterine flushes of mated UGKO ewes
contain either no conceptus or a severely growth-re-
tarded tubular conceptus (Gray et al., 2001c). The peri-
implantation period of pregnancy in sheep is marked
by rapid elongation of the conceptus from a tubular to
filamentous form between d 11 and 13 and production
of interferon tau (IFNτ), the signal for maternal recog-
nition of pregnancy (Spencer and Bazer, 2002). Al-
though the growth-retarded conceptuses recovered
from mated UGKO ewes produced little or no IFNτ, the
endometrium of UGKO ewes nonetheless responded to
intrauterine infusions of recombinant ovine IFNτ with
increased expression of IFNτ-stimulated genes (Gray
et al., 2002).

Implantation in ruminants is a highly coordinated
process that involves apposition, attachment, and adhe-
sion of the conceptus trophectoderm to LE (Guillomot,
1995). In sheep, the blastocyst enters the uterus on d
4 and hatches from the zona pellucida on d 9. Apposition
of conceptus trophectoderm and LE is initiated between
d 10 to 14, followed by adhesion on d 15 and attachment
on d 16 to 18. Elongation of spherical blastocysts to a
filamentous form is thought to require transient attach-
ment and adhesion of conceptus trophectoderm to LE.
Initially, the nonadhesive property of the LE appears
to be partially due to apical expression of mucins, such
as mucin glycoprotein-1, that sterically impair interac-
tions between trophectoderm and adhesive glycopro-
teins, such as integrins, due to their extensive glycosyl-
ation and extended extracellular structure (Johnson et
al., 2001). Immunoreactive mucin glycoprotein-1 ex-
pression by LE decreases between d 9 and 17 of early
pregnancy in normal (Johnson et al., 2001) and UGKO
(Gray et al., 2002) ewes. Extracellular matrix and inte-
grins are thought to be responsible for trophectoderm
attachment and adhesion to LE (Johnson et al., 2001;
Burghardt et al., 2002). During the peri-implantation
period of pregnancy in ewes, integrin subunits αv, α4,
α5, β1, β3, and β5 are constitutively expressed on both
conceptus trophectoderm and the apical surface of LE
(Johnson et al., 2001). Integrin expression on endome-
trial LE of UGKO ewes is not different from normal
ewes (Gray et al., 2002). Further, expression of recep-
tors for estrogen (ERα), progesterone (P4), and oxyto-
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cin as well as several LE-specific genes are not different
in the endometrium of UGKO and normal ewes (Gray
et al., 2000a, 2002). Thus, by these measures, the endo-
metrial LE does not appear to be defective in UGKO
ewes. Available evidence strongly suggests that uterine
glands and their secretions are essential for peri-im-
plantation conceptus growth and survival.

Uterine flushes of UGKO ewes were analyzed for the
presence of osteopontin (OPN) and glycosylated cell
adhesion molecule one proteins, which are expressed
by GE of the ovine uterus (Johnson et al., 1999; Spencer
et al., 1999a) and are suggested to play a role in regula-
tion of conceptus implantation. Uterine flushes of d 14
bred UGKO ewes contained lower amounts of OPN and
glycosylated cell adhersion molecule-1 compared with
d 14 pregnant ewes (Gray et al., 2002). Genomics and
proteomics are being used to identify specific compo-
nents of histotroph that are absent or diminished in
the UGKO ewe (Spencer et al., 1999c). A better under-
standing of the components of histotroph may lead to
the development of a better maturation medium for in
vitro production of embryos. In addition, these im-
portant histotroph components will serve as useful
markers of endometrial function and fertility in both
domestic animals and humans.

Partial to complete UGKO phenotypes have also been
produced in adult cows exposed from birth to a combina-
tion of P4 plus estradiol benzoate (Bartol et al., 1995,
1999). Pregnancy rates are reduced in adult heifers
exposed neonatally to P4 plus estradiol benzoate with
reduced endometrial gland numbers (Bartol et al.,
1999). In the pig, the numbers of placental areolae are
directly related to birth weight of the fetus (Knight et
al., 1977; van Rens and van der Lende, 2002). Therefore,
the success of endometrial gland morphogenesis in neo-
natal pigs also determines, in part, the embryotrophic
and functional capacity of the adult uterus (Bartol et
al., 1993, 1999).

Studies of UGKO ewes and neonatally estrogenized
adult gilts strongly support the concept that mecha-
nisms regulating postnatal uterine development and
endometrial gland morphogenesis ultimately deter-
mine functional capacity and embryotrophic potential
of the adult uterus (Bartol et al., 1993, 1999; Gray et
al., 2001a). Uterine capacity is a complex, polygenic
trait and is the most important factor limiting litter
size in commercial pigs selected to have a high ovulation
rate. In fact, the number of areolae in the placenta and,
by inference, the number of uterine glands, is directly
related to birth weight of the fetus in the pig (Knight
et al., 1977; van Rens and van Der Lende, 2002). Accord-
ingly, a rational approach to increasing litter size in
commercial pigs would be to increase the number of
endometrial glands and/or the length of the uterine
horns, thereby decreasing early embryonic loss and en-
hancing the ability of the uterus to accommodate an
increased number of fetuses. This approach to increas-
ing litter size could be predicated on therapies targeting
endometrial gland development in the neonate or dur-

ing pregnancy in the adult. Hence, a complete under-
standing of the hormonal, cellular, and molecular mech-
anisms regulating postnatal uterine development and
endometrial adenogenesis is critical to identifying
mechanisms to increase functional capacity of the
adult uterus.

Developmental Biology of the Uterus

Although a functional role for endometrial glands
has been established in most mammals, mechanisms
regulating their development in domestic animals, lab-
oratory animals, and humans are not well understood
(Gray et al., 2001a). In all mammals, the uterus devel-
ops as a specialization of the paramesonephric or Mülle-
rian ducts, which gives rise to the infundibula, oviducts,
uterus, cervix, and anterior vagina. Morphogenetic
events common to development of all uteri include: 1)
differentiation and growth of the myometrium, 2) differ-
entiation and morphogenesis of the endometrial glands,
and 3) organization and stratification of endometrial
stroma (Bartol et al., 1993, 1999; Gray et al., 2001a).
Uterine development is initiated in the fetus, but is
only completed postnatally with differentiation and de-
velopment of the endometrial glands.

Uterine morphogenesis has been described in sheep
(Wiley et al., 1987; Bartol et al., 1988a,b; Taylor et
al., 2000, 2001). Paramesonephric duct fusion occurs
between gestational d 34 and 55 in sheep, is partial,
and produces a bicornuate uterus. By gestational d 90,
raised aglandular uterine nodules will become carun-
cles. The dichotomous nature of the ruminant endome-
trium, consisting of both aglandular caruncular areas
and glandular intercaruncular areas, makes it an excel-
lent model for the study of mechanisms underlying the
establishment of divergent structural and functional
areas within a single, mesodermally derived organ (Wi-
ley et al., 1987). Postnatal uterine morphogenesis in
sheep involves differentiation and development of endo-
metrial glands, development of endometrial folds, orga-
nization of intercaruncular endometrial stroma, and,
to a lesser extent, growth of endometrial caruncular
areas and myometrium (Wiley et al., 1987; Taylor et
al., 2000).

Endometrial gland morphogenesis begins with GE
bud formation from the LE, followed by tubulogenesis,
and coiling and branching morphogenesis (Figure 1). In
sheep, endometrial gland genesis is initiated between
birth (PND 0) and PND 7, when shallow epithelial inva-
ginations appear along the LE in presumptive interca-
runcular areas. Between PND 7 and 14, nascent, bud-
ding glands proliferate and invaginate into the stroma,
forming tubular structures that coil and branch by PND
21. After PND 21, the majority of glandular morphogen-
etic activity involves branching morphogenesis of tubu-
lar and coiled endometrial glands to form terminal-end
bud-like structures in the deeper stroma. By PND 56,
the caruncular and intercaruncular endometrial areas
are histoarchitecturally mature. In UGKO ewes, the
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Figure 1. General illustration of the process of endome-
trial gland development. Uterine glands originate as shal-
low gland buds from the lumenal epithelium (LE) before
undergoing invagination to form tubules. As the tubules
progress through the stroma (S) toward the myometrium,
they begin to coil and branch. The final stage of endome-
trial glandular epithelial (GE) differentiation is the pro-
cess of branching morphogenesis, which does not occur
in rodents. This process is similar to that occurring in
epitheliomesenchymal organs, such as the lung, salivary
gland, prostate, and mammary gland.

endometrium lacks a recognizable stratum spongiosum
stroma, which is characteristic of the normal stroma in
intercaruncular glandular areas of the uterus (Spencer
et al., 1999c; Gray et al., 2000a,b, 2001b, 2002). Thus,
development of GE is involved with differentiation of
the stroma into stratum compactum and stratum spon-
giosum in intercaruncular areas of the ovine endo-
metrium.

Although the ovine uterine wall is histoarchitectur-
ally mature by PND 56, final maturation and growth
may not occur until after puberty (Kennedy et al., 1974)
and, perhaps, even after pregnancy (Wimsatt, 1950;
Stewart et al., 2000). In sheep (Wimsatt, 1950; Stewart
et al., 2000) and pigs (Sinowatz and Friess, 1977), endo-
metrial glands undergo extensive hyperplasia and hy-
pertrophy during pregnancy, presumably in response
to placental hormones to meet increasing demands of
the developing fetus for uterine histotroph (Bazer,
1975). The life cycle of endometrial glands in the uterus
are strikingly similar to that of the mammary gland
(Figure 2). These parallels in organ development sug-
gest that the phenotypic capacity of the uterus may be
affected by parity and can be improved epigenetically
using hormones or other factors.

Mechanisms Regulating Endometrial
Gland Morphogenesis

Uterine morphogenesis is governed by a variety of
endocrine, cellular, and molecular mechanisms, many
of which remain to be defined (for reviews, see Cunha
et al., 1983; Bartol et al., 1993, 1999; Gray et al., 2001a).
Based on regulatory mechanisms governing gland de-
velopment in other epithelial-mesenchymal organs,
uterine development and adenogenesis likely involve:

1) site-specific alterations in cell proliferation and
movement, 2) paracrine, cell-cell, and cell-ECM interac-
tions, and 3) specific endocrine-, paracrine-, and juxta-
crine-acting factors and their receptors.

Growth Factors. The concept that interactions be-
tween epithelium and stroma are required for endome-
trial morphogenesis and establishment of normal uter-
ine histoarchitecture is supported by tissue recombina-
tion studies involving the mouse uterus (Cunha, 1976;
Cooke et al., 1998). Stromal-derived growth factors play
important roles in epithelial proliferation, differentia-
tion, and branching morphogenesis in many developing
epitheliomesenchymal organs, including the uterus
(Gray et al., 2000b; Taylor et al., 2001). Interactions
between growth factors and their receptors can involve
elements of the extracellular matrix, which not only
affect patterns of growth factor presentation to target
cells, but may also participate as elements of cell sur-
face receptor complexes. In the neonatal ovine uterus,
fibroblast growth factor-7 (FGF), FGF-10, hepatocyte
growth factor, IGF-I and IGF-II, and the activin-fol-
listatin system have been identified as candidate regu-
latory systems for endometrial adenogenesis (Gray et
al., 2000b; Taylor et al., 2001; Carpenter et al., 2003c;
Hayashi et al., 2003). Each of these stromal-derived
growth factors has receptors that are expressed in the
endometrial epithelia. Although many studies have
promoted the concept that local growth factors predomi-
nantly regulated organ morphogenesis and differenti-
ated function, recent evidence indicates that systemic
growth factors, such as IGF-I, may be more important
than previously thought for growth of the uterus and
other tissues (Sato et al., 2002). Thus, uterine develop-
ment is likely to be regulated by a carefully orchestrated
network of growth factors and hormones from both local
and systemic origins.

Ovary and Estrogens. Early postnatal events in ro-
dent uterine development and endometrial adenogen-
esis are ovary- and adrenal-independent (see Gray et
al., 2001a). In the neonatal pig, Tarleton et al. (1998)
determined that ovariectomy at birth did not affect gen-
esis of uterine glands or related endometrial morpho-
genetic events prior to PND 120, but did inhibit uterine
weight after PND 60. Similarly, ovariectomy of ewe
lambs at birth did not affect patterns of uterine gland
genesis on PND 14 (Bartol et al., 1988b), but reduced
uterine weight after PND 28 (Kennedy et al., 1974).
However, recent results implicate ovarian factors as
important regulators of endometrial adenogenesis in
the ewe.

In spring-born Merino ewes, the ovary contains sig-
nificant numbers of growing and antral ovarian follicles
at birth (approximately 455 and 935 per ovary, respec-
tively) and these increase in number by PND 28 (ap-
proximately 683 and 1,100 per ovary) and then decline
in number by PND 84 (approximately 100 and 287 per
ovary) (Kennedy et al., 1974). Recent studies of spring-
born ewes indicated that circulating estradiol-17β lev-
els were highest at birth and declined thereafter to very
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Figure 2. Life cycle of uterine glands in sheep. At birth or postnatal day (PND) 0, the uterus is devoid of endometrial
glandular epithelium and consists of endometrial lumenal epithelium (LE) and stroma surrounded by the myometrium.
Between PND 0 and PND 7, the endometrial glands (GE) differentiate and bud from the lumenal epithelium. The
gland buds form tubules by PND 14 and then coil and branch as they proliferate from the lumen to the myometrium.
By PND 56, the uterus is histoarchitecturally mature as compared to that of adult cyclic ewes. During gestation, the
endometrial glands undergo hyperplasia from gestational day (GD) 20 to 50 and then hypertrophy from GD 50 to
GD 60. Maximal differentiated function of the endometrial glands occurs between GD 80 and GD 120. After parturition,
the endometrial glands regress between postpartum d 1 (PPD 1) and PPD 28 during uterine involution. All photomicro-
graphs are shown at the same magnification (20×). CD = cyclic day; M = myometrium; V = blood vessel.

low or undetectable levels between PND 7 and PND 56
(Carpenter et al., 2003a,c). Subsequently, spring-born
ewes were ovariectomized on PND 7, and serum estra-
diol-17β levels were not different from sham control
ewes between PND 7 and PND 56 (Carpenter et al.,
2003c). Therefore, the ovaries of spring-born ewes do
not appear to synthesize or secrete appreciable amounts
of estrogens between birth and puberty, despite the
large numbers of growing and antral follicles.

Ovariectomy of ewes on PND 7 reduced uterine wet
weight by almost 50% on PND 56 (Carpenter et al.,
2003c), and these ewes had fewer coiled and branched
endometrial glands on PND 56 compared with sham
control ewes. Thus, the ovary and an ovarian-derived
factor(s) may influence coiling and branching morpho-
genesis of uterine glands after PND 14 in ewes. The
ovarian factor(s) would presumably be secreted from
the abundant growing and antral follicles in the ovary.
Candidate ovarian factors include follistatin, activins,
or inhibin (Carpenter et al., 2003c), as well as IGF.
One may speculate that the coordinate activities of the
activin-inhibin-follistatin system in the ovary and
uterus is important in prolific breeds of ewes that pos-
sess an intrinsically high ovulation rate as well as en-
hanced uterine capacity to maintain large litters
(Fahmy, 1996). Determination of the underlying ge-

netic basis of uterine capacity in these “outlier” breeds
will also be useful and important to enable genetic selec-
tion for uterine capacity.

Estrogen Receptors. Although endometrial adenogen-
esis is an ovary- and apparently steroid-independent
event in neonatal pigs, genesis of endometrial glands
in rodent, porcine, and ovine uteri involves coordinated
changes in epithelial phenotype that are marked by
ERα expression in nascent and proliferating endome-
trial glands (Tarleton et al., 1999; Taylor et al., 2000;
Gray et al., 2000b). Administration of ICI 182,780, a
potent ERα antagonist, in the neonatal pig from birth,
inhibited endometrial adenogenesis on PND 14 (Tar-
leton et al., 1999). Recently, neonatal ewes were treated
with EM-800, a pure and potent ERα antagonist and
antiestrogen, from birth to PND 56 without effects on
uterine weight or horn length (Carpenter et al., 2003a).
On PND 14, uteri from EM-800 ewes appeared histolog-
ically similar to control ewes, except for a slight reduc-
tion in coiled endometrial glands. However, on PND 56,
the intercaruncular endometrium of EM-800 ewes had
44% fewer ductal gland invaginations and 22% fewer
endometrial glands that were less coiled and branched.
Although ERα does not regulate initial stages of endo-
metrial adenogenesis in the neonatal ewe, it does ap-
pear to influence coiling and branching morphogenesis
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of endometrial glands. Thus, the regulatory role of ERα
in uterine development and endometrial adenogenesis
is species- and developmental stage-specific. Inappro-
priate transient exposure of neonatal pigs to estrogens
disrupts uterine development (Tarleton et al., 2003)
and decreases litter size in the adult (Bartol et al., 1993,
1999). Therefore, estrogen-sensitive postnatal uterine
organizational events are determinants of uterine size
and functionality in pigs (Bartol et al., 1999; Tarleton
et al., 2003).

Prolactin. Prolactin (PRL), a member of the helix
bundle peptide hormone/cytokine superfamily, regu-
lates growth and differentiation of a number of epitheli-
omesenchymal organs. In the mouse mammary gland,
PRL and PRL receptor (PRLR) are required for the
development and differentiation of the lobuloalveolar
portion of epithelium (Horseman et al., 1997; Brisken
et al., 1999). In the endometrium of adult sheep, hu-
mans, and primates, the PRLR gene is expressed exclu-
sively by GE, and in ewes, increased PRLR expression
during pregnancy correlates with hyperplasia and hy-
pertrophy of endometrial glands (Stewart et al., 2000).

There is a primary role for pituitary PRL acting on
PRLR in GE in the regulatory system controlling endo-
metrial gland branching morphogenesis in the neonatal
ovine uterus. In neonatal ewes, circulating levels of
PRL are relatively high on PND 1, reach a maximum
on PND 14, and then decline slightly to PND 56 (Taylor
et al., 2000; Carpenter et al., 2003b). Expression of
messenger RNA for both short and long PRLR is re-
stricted to nascent GE buds on PND 7 and proliferating
and differentiating GE from PNDs 14 to 56 (Taylor
et al., 2000). Hyperprolactinemia, induced in neonatal
ewes by treatment with recombinant ovine PRL from
birth to PND 56, resulted in uteri with over 60% more
endometrial glands (Carpenter et al., 2003c). Similarly,
in adult ewes, intrauterine administration of placental
lactogen (PL), a member of the PRL/GH family that
activates the PRLR (Gertler and Djiane, 2002), stimu-
lated proliferation of endometrial glands, particularly
the coiled and branched glands found in the stratum
spongiosum (Spencer et al., 1999b; Noel et al., 2003). On
the other hand, hypoprolactinemia, induced in neonatal
ewes by treatment with bromocryptine, a PRL secretion
inhibitor, from birth to PND 56 (Carpenter et al.,
2003b), reduced endometrial glands by 35%. Thus, PRL,
acting via PRLR in GE, is a pivotal factor regulating
endometrial adenogenesis in neonatal ewes. Determi-
nation of transcription factors that specify and regulate
expression of the ovine PRLR gene in uterine GE will
be key to understanding the cellular and molecular
mechanisms regulating endometrial gland differentia-
tion and morphogenesis. Clearly, PRL may be a useful
therapeutic agent to increase endometrial gland devel-
opment in the neonate, thereby increasing uterine func-
tion and capacity in the adult.

Placental Factors Regulating Conceptus Growth

In domestic animals, the placenta produces a variety
of steroid and protein hormones that act in a paracrine

manner on the endometrium to elicit changes in gene
expression and development that support conceptus
growth and development. This section of the review
describes effects of placental lactogens in sheep and
placental estrogens in pigs on endometrial support of
conceptus growth.

Servomechanism Regulating Endometrial Gland
Morphogenesis and Function in Sheep

In sheep, establishment and maintenance of preg-
nancy requires integration of endocrine and paracrine
signals from the ovary, conceptus, and uterus (reviewed
in Spencer and Bazer, 2002). Maintenance of pregnancy
requires reciprocal communication between the concep-
tus and endometrium during implantation and synepi-
theliochorial placentation. In sheep, superficial implan-
tation and placentation begins on d 15 to 16, but is not
completed until d 50 to 60 of pregnancy (Wimsatt, 1950;
Guillomot, 1995). During this period, the uterus grows
and remodels substantially in order to accommodate
rapid conceptus development and growth in the latter
two-thirds of pregnancy. In addition to placentomal de-
velopment in the caruncular areas of the endometrium
and changes in uterine vascularity, the intercaruncular
endometrial glands grow substantially in length (four-
fold) and width (10-fold) and establish additional side-
branchings during pregnancy (Wimsatt, 1950). During
gestation, endometrial gland hyperplasia occurs be-
tween d 15 and 50 followed by hypertrophy to increase
surface area that allows for maximal production of his-
totroph after d 60 (Stewart et al., 2000).

The pregnant ovine uterus is exposed sequentially
to estrogen, P4, IFNτ, PL, and placental GH. These
hormones seem to regulate endometrial gland morpho-
genesis and differentiated secretory function (Spencer
et al., 1999b; Noel et al., 2003). The placentae of a
number of species, including rodents, humans, nonhu-
man primates, and sheep, secrete hormones structur-
ally related to pituitary GH and PRL that are termed
PL (Anthony et al., 1998; Gertler and Djiane, 2002).
Ovine PL is produced by binucleate cells of the concep-
tus trophectoderm beginning on d 16 of pregnancy,
which is concomitant with the initiation of expression
of uterine milk proteins (UTMP) by GE (Stewart et al.,
2000). The UTMP are members of the serpin family of
serine protease inhibitors (Ing and Roberts, 1989) and,
along with OPN, an extracellular matrix protein (John-
son et al., 1999, 2001, 2003), serve as excellent markers
for endometrial gland differentiation and overall uter-
ine secretory capacity during pregnancy in ewes (Spen-
cer et al., 1999b; Stewart et al., 2000). In maternal
serum, PL can be detected as early as d 50, and it peaks
between d 120 to 130 of gestation (Anthony et al., 1998).
A homodimer of the PRLR, as well as a heterodimer of
PRLR and GH receptor, transduces signals by ovine PL
(Gertler and Djiane, 2002). In the ovine uterus, PL
binding sites are specific to GE expressing PRLR (Noel
et al., 2003). Temporal changes in circulating levels of
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PL are correlated with endometrial gland hyperplasia
and hypertrophy and increased production of UTMP
and OPN during pregnancy (Johnson et al., 1999, 2003;
Stewart et al., 2000). The ovine placenta also expresses
GH between d 35 and 70 of gestation (LaCroix et al.,
1996), which is correlated with the onset of GE hyper-
trophy and maximal increases in UTMP and OPN pro-
duction by GE. These results suggest that members of
the lactogenic and somatogenic hormone family play
key roles in stimulating endometrial gland morphogen-
esis and differentiated function during pregnancy to
facilitate conceptus growth and development.

Sequential exposure of the pregnant ovine endome-
trium to estrogen, P4, IFNτ, PL, and placental GH con-
stitutes a “servomechanism” that activates and main-
tains endometrial remodeling, secretory function, and
uterine growth during gestation (Spencer et al., 1999b;
Noel et al., 2003). Chronic treatment of ovariectomized
ewes with P4 induces expression of UTMP and OPN
by GE (Ing and Roberts, 1989; Spencer et al., 1999b;
Noel et al., 2003). During early pregnancy, expression
of the P4 declines to undetectable levels in uterine LE
by d 11 and in GE by d 13 (Spencer and Bazer, 2002).
Down-regulation of epithelial P4 appears to be required
for progesterone induction of GE secretory gene expres-
sion (e.g., OPN and UTMP; Spencer et al., 1999b), be-
cause a combination of P4- and estrogen-increased ERα
and P4 expression in the GE, which markedly inhibited
expression of both OPN and UTMP. These results indi-
cate that chronic effects of P4 down-regulated epithelial
P4 expression to allow expression of UTMP and OPN.
Indeed, the endometrial GE lacks detectable PR gene
expression after d 16 of gestation (T. E. Spencer, unpub-
lished results). Additional studies revealed that intra-
uterine infusions of recombinant ovine PL or GH in-
creased UTMP and OPN expression by uterine GE of
P4-treated ewes, but only when the ewes were infused
with IFNτ between d 11 and 21, and then either PL or
GH from d 16 to 29 (Spencer et al., 1999b). The increase
in UTMP expression by endometrial GE was partly
attributed to effects of PL and GH to increase the num-
ber of endometrial glands. Subsequently, intrauterine
infusion of PL and GH into ewes treated with progester-
one and IFNτ was found to increase endometrial gland
hypertrophy, an effect not observed in ewes infused
with either PL or GH alone (Noel et al., 2003). The
ability of PRL, PL, and GH to elicit similar effects on
endometrial glands is not surprising since they are
members of a unique hormone family based on genetic,
structural, binding, receptor signal transduction, and
function studies (Gertler and Djiane, 2002). These stud-
ies suggest that a developmentally programmed se-
quence of events, mediated by specific paracrine-acting
factors at the conceptus-endometrial interface, stimu-
lates both intercaruncular endometrial remodeling and
differentiated function in order to increase production
of histotroph for fetal-placental growth during ges-
tation.

Leibovich et al. (2000) found that immunization of
prolific and nonprolific ewes with recombinant ovine
PL did not affect conception rates, but did increase lamb
birth weights and ewe milk production. The antibody
against PL in immunized ewes increased the levels of
serum PL bioactivity through production of a binding
type of antibody rather than a neutralizing or inactivat-
ing type of antibody. These findings support previous
reports implicating a role(s) for PL in fetal growth and
mammogenesis (Gertler and Djiane, 2002). The en-
hanced biological activity of PL in immunized ewes may
increase uterine histotroph production, thereby en-
hancing uterine capacity in prolific ewes. Importantly,
immunization of ewes against PL represents a novel
practical technique for enhancing uterine and mam-
mary gland capacity and improving reproductive and
lactational efficiency.

Estrogens and Endometrial Growth Factors in Pigs

The major hormone produced by the placenta of the
pig that acts on the endometrium is estrogen. Pig con-
ceptuses secrete estrogens between d 10 and 15 of preg-
nancy, which are essential for establishment of preg-
nancy (Geisert et al., 1982). Estrogens, directly or indi-
rectly, alter secretion of PGF2α by the endometrium
from an endocrine direction (towards uterine vascula-
ture) to an exocrine direction (towards the uterine lu-
men). The PGF2α sequestered in the uterine lumen is
unavailable to exert a luteolytic effect on the corpus
luteum. Additionally, an increase in selected histotroph
components occurs in the uterine lumen immediately
following the release of estrogens from the conceptus
on d 11 of pregnancy (Geisert et al., 1982; Fazleabas
et al., 1983). Placental estrogens also act on the endome-
trial epithelium in a paracrine manner to increase ex-
pression of specific growth factors, including IGF-I and
FGF-7, which in turn act on the trophectoderm to stimu-
late cell proliferation and development.

IGF-I. Insulin-like growth factor-I is a pleiotropic
growth factor required for postnatal uterine growth and
embryo growth and development in the mouse (see Sim-
men et al., 1995 for review). In the porcine uterus, IGF-
I is primarily expressed in the endometrial glands of
both cyclic and pregnant pigs (Persson et al., 1997).
Endometrial IGF-I gene expression increases during
early pregnancy and peaks on d 12 to 13, which is
coincidental with the production of estrogens by the
elongating conceptus (Simmen et al., 1990, 1992).
Treatment of either ovariectomized or cyclic gilts with
estrogen increases IGF-I expression in the uterus (Sim-
men et al., 1990). Type-I IGF receptors were detected in
the endometrium as well as in the embryo, suggesting
paracrine and autocrine modes of action of IGF-I in the
uterine microenvironment (Simmen et al., 1995).

FGF-7. Fibroblast growth factor-7, also known as ker-
atinocyte growth factor (KGF), is an established para-
crine mediator of hormone-regulated epithelial growth
and differentiation (Rubin et al., 1995). In all organs
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studied, FGF-7 was uniquely expressed in cells of mes-
enchymal origin. Intriguingly, expression of FGF-7 in
the porcine uterus is exclusively in the endometrial LE
and particularly abundant between d 12 and 15 of the
estrous cycle and pregnancy (Ka et al., 2000). Endome-
trial FGF-7 messenger RNA levels were highest on d
12 in pregnant gilts and d 15 in cyclic gilts, and greater
on d 12 of pregnancy than on d 12 of the estrous cycle.
The FGF-7 protein was detected in the uterine flushes
of both d 12 cyclic and pregnant gilts. The receptor for
FGF-7, known as FGF receptor 2IIIb or KGF receptor,
was detected in both endometrial epithelia and concep-
tus trophectoderm. Treatment of endometrial explants
from d-9 cyclic gilts with estradiol-17β increased FGF-
7 expression (Ka et al., 2001). Further, treatment of
porcine trophectoderm cells with recombinant rat FGF-
7 increased their proliferation, phosphorylated FGF re-
ceptor 2IIIb, activated the mitogen-activated protein ki-
nase cascade, and increased expression of urokinase-
type plasminogen activator, a marker for trophecto-
derm cell differentiation (Ka et al., 2001). Collectively,
these results indicate that estrogen, the pregnancy rec-
ognition signal from the pig conceptus, increases uter-
ine epithelial FGF-7 expression, and, in turn, FGF-7
stimulates the proliferation and differentiation of con-
ceptus trophectoderm in pigs, which is the only species
possessing a true epitheliochorial type of placentation
besides the camel (Ka et al., 2000, 2001).

Implications

Uterine capacity is a complex, polygenic trait that is
an important factor limiting litter size in commercial
pigs selected to have a high ovulation rate. A rational
approach to increasing litter size in pigs may be to
increase endometrial gland number and/or uterine horn
length. Although uterine capacity is not an issue in
ruminants with singleton or twin fetuses, the intragres-
sion of genes that increase ovulation rate, such as the
Boorola fecundity gene, into nonprolific sheep chal-
lenges uterine capacity. A potential solution to this
problem is to permanently increase endometrial gland
number and/or uterine horn length by administration of
specific hormones and/or growth factors during critical
organizational periods before puberty and during preg-
nancy. In this way, uterine capacity could be maximized
in breeds that exhibit desirable production traits with-
out resorting to lengthy genetic selection procedures
that often negatively affect other desirable produc-
tion traits.
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