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Early uterine development in pigs
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The capacity of pig uterine tissues to recognize and respond to maternal and
conceptus signals determines whether pregnancy can be established and defines the
environment in which embryonic and fetal growth occur. Limits of uterine capacity
may be defined genetically. However, the extent to which functional uterine
capacity approaches genetic potential may be determined, in part, by the success of
organizational events associated with growth, morphogenesis and cytodifferen-
tiation of uterine tissues. It is important, therefore, that these events be identified
and evaluated with respect to their potential effect on adult uterine function.
Histogenesis of the pig uterus begins prenatally, but is completed postnatally.
Transformation of the uterine wall from histoarchitectural infancy to maturity
occurs between birth and day 120. Morphogenetic events characteristic of the first
60 days of neonatal life proceed normally in gilts ovariectomized at birth. These
events include appearance and proliferation of uterine glands, development of endo-
metrial folds, and growth of the myometrium. Endometrial development during this
period involves alterations in patterns of epithelial and stromal DNA synthesis,
coordinated changes in the distribution and biosynthesis of extracellular matrix
glycosaminoglycans and cell surface glycoconjugates, and specific alterations in
patterns of uterine protein secretion. The ovary-independent, spatially coordinated
nature of these events suggests that neonatal uterine development is regulated
locally via dynamic cell—<ell and cell-extracellular matrix interactions. The extent to
which such potentially critical interactions must be preserved to ensure develop-
mental success remains unknown. However, the normal pattern of ovary-independent
cellular and molecular events associated with development of the uterine wall was
disrupted by treating neonatal gilts with oestradiol valerate, and daily administration
of oestrogen to gilts from birth to day 13 did not affect ovulation rate, but did reduce
embryonic survival by 22% on day 45 of gestation in adults that were exposed to
oestrogen neonatally. These observations support the idea that some organizational
events associated with development of the neonatal uterine wall must be allowed to
proceed without interruption to ensure that adult uterine function is not com-
promised. Efforts to identify specific developmental determinants of uterine capacity
may be facilitated by examining the consequences of xenobiotically induced inter-
ruption of uterine development on adult uterine function, Such studies may also
contribute to identification of uterine factors affecting embryonic survival and fetal
growth.
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Introduction

In pigs, establishment of pregnancy and maintenance of an embryotrophic uterine environment depend
upon endometrial responses to both maternal and conceptus signals (Bazer, 1992). Thus, the ability
of uterine tissues to recognize and integrate specific systemic and local signals determines whether
pregnancy can become established and defines the environment in which embryonic and fetal growth
occur. The quality of this environment dictates not only the number of conceptuses that can be supported
at a specific stage of gestation in litter-bearing species such as pigs, but can also have profound effects
on conceptus growth and postnatal phenotype (Christenson et al, 1987; Roberts and Bazer, 1988;
Cowley et al, 1989; Pomp et al, 1989; Altchley et al., 1991). The extent to which uterine tissues function
to optimize these traits contributes to uterine capacity (Christenson ef al., 1987; Bazer ¢f al., 1988).

The existence of hyperprolific breeds of pig, such as the Chinese Meishan, and development of strains
such as the hyperprolific Large White {Legault, 1985), indicate that limits of uterine capacity may be
defined genetically, Functionally, however, the observation that multiparous sows will carry more
embryos to term than do gilts {(Legault, 1985; First and Eyestone 1988) supports the idea that phenotypic
uterine capacity may be determined, in part, by the developmental history of the uterus itself. This idea is
reinforced by data indicating that adult urogenital tract function can be compromised if development is
interrupted pharmacologically during fetal or early neonatal life (Sananes et al, 1980; Forsberg, 1988;
Mori and Iguchi, 1988; Halling and Forsberg, 1990). The success of organizational events associated with
growth, morphogenesis and cytodifferentiation of uterine tissues may determine the potential of the adult
uterus to respond to activational cues necessary to optimize prolificacy. Consequently, it is important that
these events be defined and evaluated with respect to their potential to affect adult uterine function and
reproductive efficiency.

Mechanisms regulating growth, development and differentiation of uterine tissues during fetal and
neonatal periods are poorly defined for pigs, but may prove to be critical determinants of uterine capacity.
The purpose of this report is to: (1) review events characteristic of early uterine development, {2) sum-
marize recent observations pertaining to cellular and molecular events associated with normal uterine
growth and development in neonatal pigs and (3) introduce data indicating that some neonatal
developmental events may be required to proceed without interruption to ensure that adult porcine
uterine function is not compromised.

Embryonic Origins, Growth and Histogenesis of the Pig Uterus

The uterus develops from the paramesonephric (Mullerian) ducts, a pair of completely mesodermal tubes
that arise from invaginations of coelomic epithelium on the lateral aspects of the urogenital ridges
{Marion and Gier, 1971; Cunha, 1989; Mossman, 1989). These ducts grow towards the midline, meet and
begin to fuse at their caudal ends (Mossman, 1980). The degree of fusion that occurs is species specific
and defines the gross morphological characteristics of the adult uterus {Davies, 1967; Mossman, 1980). In
pigs complete caudal fusion of the paramesonephric ducts involves only a short segment of the ductal
lumina. Consequently, the bicornuate pig uterus consists, grossly, of a short uterine body connecting long
tubular uterine horns (Mossman, 1980, 1989).

Histologically, the endometrium and both inner circular and outer longitudinal smooth muscle layers
of the myometrium develop from unorganized, undifferentiated mesenchyme (Marion and Gier, 1971;
Brody and Cunha, 1989a). Organizational events leading to differentiation of the mesenchyme into
endometrial and myometrial tissue layers, and development of relevant endometrial structure begin
during fetal life and are completed postnatally in most species, including pigs. However, events
characteristic of uterine histogenesis are ordered and include: (1) stratification and spatial orientation of
subepithelial mesenchymal cells, leading to establishment of a dense subepithelial layer of stromal cells
and a more loosely organized network of fibroblasts in the deeper stroma adjacent to the developing
myometrium, (2) organization and differentiation of a prospective myometrium, and (3) coordinated
development of species-specific endometrial histoarchitecture. Appearance and proliferation of coiled
tubular uterine glands, characteristic of the endometrium in all viviparous mammals (Mossman, 1980), is a
postnatal event in pigs. Development of the inner circular myometrial layer, derived from cells of the
intermediate layer of ductal mesenchyme, precedes that of the outer longitudinal myometrium, which is
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derived from subperimetrial mesenchyme (Bat and Getty, 1970; Marion and Gier, 1971; Mossman, 1980;
Atkinson ef al., 1984; Konishi et al., 1984; Wiley ef al, 1987; Bredy and Cunha, 1989a).

Postnalal ulering growth and morphogenesis

Growth of the pig uterus and development of the uterine wall between birth (day 0) and puberty have
been characterized grossly (Dyck, 1980; Dyck and Swierstra, 1983; Evans et al., 1988; Wu and Dziuk,
1988) and histologically (Hadek and Getty, 1959; Bal and Getty, 1970; Erices and Schnurrbusch, 1979;
Dyck, 1980; Spencer et al., 1993a). Uterine wet weight increases slowly but linearly during the first 810
weeks of neonatal life, and is directly related to increasing age and body weight (Dyck and Swierstra,
1983). Thereafter, between day 60 and day 80, both uterine weight and uterine growth rate increase
abruptly and continue to increase until near the time of puberty (Dyck, 1980; Dyck and Swierstra, 1983;
Evans ef al, 1988; Wu and Dziuk, 1988). Dyck (1980) and Dyck and Swierstra (1983) suggested that the
dramatic increase in uterine growth after approximately day 70 reflects uterotrophic effects of ovarian
oestrogen. Peripheral plasma oestradiol concentrations increase during this period {Evans et al., 1988).
Consistent with these observations, Wu and Dziuk (1988) demonstrated that ovariectomy of neonatal
gilts on day 20 did not affect uterine growth until after day 60, when uteri of intact controls were larger
and grew more rapidly. These data were recently confirmed and extended by a study in which uteri
(n = 5 per day}) were obtained on days 0, 15, 30, 60, 90 and 120 from intact gilts and gilts ovariectomized
on the day of birth (Bartol and Wiley, unpublished observations). Overall, uterine weight and both
endometrial and myometrial thicknesses did not differ, and increased (P < 0.01) in a similar way in intact
and ovariectomized gilts before day &0, but in intact gilts after day 60 these values were greater and
increased (P < 0.01) more rapidly (Fig. 1). However, uteri of ovariectomized gilts did continue to grow
until day 120. Wu and Dziuk (1988) also reported uterine growth for ovariectomized gilts between day
20 and day 140. Moreover, Evans ef al. (1988) found no clear relationship between patterns of growth of
adrenal or thyroid glands and gross aspects of reproductive tract growth in gilts between weaning at
three weeks of age and puberty. These data suggest that growth of the pig uterus requires neither ovarian
nor, possibly, adrenal or thyroid support between birth and day 60. However, patterns of uterine
growth and histogenesis observed for gilts ovariectomized at or shortly after birth make it clear that
extra-ovarian factors support these processes throughout the first 120-140 days of life.

Transformation of the pig uterine wall from histoarchitectural infancy to maturity occurs between
birth and postnatal day 120 (Hadek and Getty, 1959; Bal and Getty, 1970; Erices and Schnurrbusch, 1979;
Dyck and Swierstra, 1983). Dziuk and Gehlbach (1966) demonstrated that immature gilts that were
induced to ovulate and bred artificially on or after neonatal day 110 could become pregnant and maintain
corpora lutea for at least 23 days. Thus, uterine tissues not only become organized structurally, but also
acquire the capacity to respond to conceptus signals during this period.

Significant remodelling of the pig uterine wall occurs during the first eight weeks of neonatal life (Fig.
2). Neither endometrial nor myometrial tissues are completely differentiated at birth (Bal and Getty,
1970). Endometrial glands, absent at birth, develop from shallow epithelial depressions, evident at inter-
vals along the surface of the uterine lumen, into coiled, branched epithelial tubes that extend radially from
the luminal surface, through endometrial stroma, to the adluminal border of the myometrium (Spencer e
al,, 1993a). Uterine folds, evident by day 30 as luminal protrusions of glandular endometrium, are well
developed by day 60 (Hadek and Getty, 195%; Bal and Getty, 1970; Spencer et al., 1993a). A developing
inner circular layer of myometrial cells is easily distinguished from endometrial stroma at birth; however,
the outer longitudinal layer of smooth muscle is indistinct. Development of this layer lags behind that of
the inner circular myometrium and proceeds in a cranial direction from the area of the uterine body toward
the tips of the uterine homns (Bal and Getty, 1970). Overall, histoarchitectural features characteristic of the
mature pig uterine wall are apparent, although not completely developed, by neonatal day 30 (Bal and
Gelty, 1970; Spencer ef al., 1993a).

Considered together, these observations indicate that extensive remodelling of the pig uterine wall
occurs during a period associated with ovary-independent uterine growth. Similar patterns of ovary-
independent uterine development were reported for the neonatal ewe by Bartol ef al. (1988a,b}, and for
the mouse by others (Ogasawara et al, 1983; Bigsby and Cunha, 1985). Data indicating that uterine
histogenesis proceeds normally in neonatally ovariectomized, adrenalectomized mice were interpreted to
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Studies were conducted to determine effects of oestradiol valerate (50 ug kg ™' bodyweight day ~*, i.m.),
administered during specific periods of neonatal life associated with ovary-independent uterine development,
on patterns of uterine growth, histogenesis and protein secretion (Spencer et al., 1993b), GAG synthesis
(Bartol ¢f al,, 1992), and steady-state concentrations of insulin-like growth factor I (IGF-I) mRNA (Spencer
et al, 1992a). For these studies, crossbred gilts (3 to 5 per group) received either corn oil vehicle or
oestradiol valerate for seven consecutive days from either birth to day 6, day 7 te day 13,
or day 42 to day 48, before hysterectomy on day 7, 14 or 49, respectively. Treatment intervals were
chosen to coincide with infantile (< day 7), proliferative (days 7-14), and growth (> day 14) periods
of endometrial development that were defined on the basis of gross, histological and biochemical
characteristics of the developing uterine wall described above and elsewhere (Spencer et al, 1992b,
1993a,b).

The possibility that IGF-1 is involved in normal porcine uterine development, or in mediation of
uterine responses to oestrogen, is significant. IGF-1 production is regulated developmentally in many
tissues (D'Ercole et al., 1984; Lund ef al, 1986; Simmen et al.,, 1989a). This growth factor is mitogenic for a
number of cell types (Zapf and Froesch, 1986), including porcine endometrial cells (Simmen et al., 1989a)
promotes celtular differentiation (Simmen et al,, 1989a), and stimulates incorporation of sulfate into GAGs
{Adashi et al, 1986). Although not established for the neonate, IGF-I receptors are present in (Hofig ¢f al.,
1991), and IGF binding proteins are produced by (Simmen and Simmen, 1990; Simmen et al., 1991) the
adult pig uterus. In the immature and adult rat and pig, cestrogen-induced uterine growth and differen-
tiation are accompanied by increased uterine production of IGF-I (Murphy and Ghahary 1990; Simmen
et al, 1990; Carlsson and Billig, 1991). Thus, IGF-1 could be an autocrine or paracrine mediator of
oestrogen action. In pigs (Lee et al., 1991) and other species {Daughaday and Rotwein, 1989), circulating
concentrations of IGF-I increase postnatally in association with maturation of the somatotrophic axis.
Consequently, IGF-l1 may also act in an endocrine fashion to influence uterine development in the
neonate.

Table 1. Effects of oestradiol valerate”, administered to neonatal gilts during infantile {days
06}, proliferative {days 7-13) or growth (days 42-48) periods, on uterine wet weight,
endometrial thickness, and myometrial thickness on neonatal days 7, 14 and 49

Uterine wet weight Endometrial thickness Myometrial thickness
{g) (pm) {pm)
Day cob EV* Cco EV co EV
7 1.1 + 0.3* 2.8 + 037 282 + 59* 412 + 497 222 + 19" 2524+ 18
14 1.0 + 03 32403 281 + 49* 525 + 42° 204 + 18 2214+ 16
49 9.8 + 20° 415 + 20" 815 + 49® 1535 + 43* 321 + 18% 911 + 16°

‘Neonatal gilts {n = 22) were treated with either cestradiol valerate (EV, 50 ug kg=' body weight day~') or com
oil vehicle (CO) daily for 7 days before hysterectomy on either day 7 (n: CO = 3,EV = 4}, 14 (n: CO = 3, EV =
S)or 49 (m CO = 3, EV = 4). Adapted from Spencer ¢t al. (1923b).

YFor CO data, values in the same column with different superscripts are significantly different (P < 0.01).

“Within each day, significant (P < 0.01) effects of oestradiol valerate are denoted by (*). Day x treatment
interactions (P < 0.01) were detected for all responses.

Treatment of neonatal gilts with cestradiol valerate increased uterine wet weight and endometrial
thickness in all periods, while myometrial thickness increased following treatment during the growth
period oniy (Table 1). Histologically, uteri of all gilts treated with oestradiol valerate displayed precocious
development of endometrial glands and folds (Spencer et al, 1993b). Both gross and histological
responses to oestradiol valerate were most pronounced following treatment during the growth period.
Measurement of radioactivity associated with 25 [*H]Leu-labelled uterine proteins identified by two-
dimensional PAGE revealed that treatment with oestradiol valerate during infantile, proliferative and
growth periods affected production of three, eight, and 14 individual proteins, respectively (Spencer et al.,
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1993b). Overall, cestradiol valerate decreased the percentage of total [’H]GlcN-labelled uterine GAG
identified by HPLC DEAE anion exchange chromatography as HA (control versus oestradiol valerate
treated: 62.3% > 51.5%., SEM = 1.2, P < 0.01) and increased that identified as SCAG (Bartol et al., 1992),
including HS (12.9% < 15.0%, SEM = 0.5, P < 0.05), and CS (24.8% < 33.6%. SEM = 1.3%, P < 0.01).
Northern hybridization analysis of poly(A)* RNA isolated from neonatal uteri obtained from both
control and oestradiol valerate-treated gilts using porcine IGF-1 cDNA probe Sigf.3 (Tavakkol ¢f al., 1988)
revealed a single 1.2 kb transcript. Consistent with observations reported for the neonatal rat (Carlsson
and Billig, 1991), steady-state concentrations of pig uterine IGF-I mRNA decreased (P < 0.01) after day 7
(relative absorbance units for days 7, 14 and 49: 7.8, 4.7 and 5.2; SEM = 0.4). However, treatment with
oestradiol valerate increased (P < 0.01) uterine IGF-I mRNA levels by 1.4 times compared with controls.
In addition, peripheral plasma concentrations of IGF-I increased (P < 0.01) linearly with age from day 7
to day 49 (means for days 7, 14 and 49: 28.6, 34.3 and 50.4 ng m™"; SEM = 2.3) and following treatment
with oestradiol valerate (P < 0.02), regardless of when exposure occurred {(control versus oestradiol
valerate treated: 37.8 < 51.1ng ml~', SEM = 3.8; Spencer et al., 1992a).

These studies demonstrated clearly that oestradiol valerate can be used to disrupt the normal programme
of physical, biochemical and endocrine events associated with development of the pig uterine wall. Responses
of the neonatal uterus to oestradiol valerate can be interpreted to indicate that {1) uterine tissues are sensitive
to oestrogen, (2) acquisition of oestrogen sensitivity occurs progressively in the developing uterine wall, as
reported for other species (Katzenellenbogen, 1979; Kaye, 1983; Pasqualini and Sumida, 1986), and (3)
oestrogen-sensitive pig uterine cell populations develop first in the endometrium (Spencer ef af., 1993b). In
addition, effects of oestradiol valerate on uterine growth, histoarchitecture and patterns of protein secretion
are unique to the periods when oestrogen exposure occurs (Spencer et al, 1993b). Such period-specific
responses may reflect (1) the size and nature of uterine cell populations competent to respond to cestrogen, or
soluble mediators of oestrogen action such as IGF-I, and (2) the consequences of oestrogen-induced
aberrations in epithelial:mesenchymal ratio and related changes in patterns of cell—cell and cell-ECM
interactions, through which both tissue form and function are likely to be determined (Bissell and Barcellos-
Hoff, 1987; Ettinger and Doljanski, 1992; Spencer ef al., 1993b). As the ability of uterine cells to respond to
xenobiotic or natural organizational signals can change with time, and may also be determined by physico-
chemical relationships that exist or develop between cells or betweeen cells and their associated ECM, even
subtle alterations in local microenvironmental conditions may have profound effects on the developmental
fate of uterine tissues (Taguchi et al., 1988; Ettinger and Doljanski, 1992).

Recently, a study was conducted to determine whether oestradiol valerate-induced interruption of
uterine development during the first two weeks of neonatal life, the period when effects of cestradiol
valerate on uterine histoarchitecture were confined to the endometrium {Spencer et al., 1993b), would
affect reproductive performance in adult pigs. Gilts treated with either oestradiol valerate (50 pg kg ™'
body weight day ", im.; n = 8) or com oil (1 = 9) daily, from birth to day 13, were allowed to reach
puberty and were mated naturally at their second oestrus. Treatment did not affect the ability of adults to
cycle or conceive, and did not affect ovulation rate as reflected by the number of corpora lutea (16 + 0.5)
identified on the ovaries of oestradiol valerate- and corn oil-treated gilts at necropsy on day 45
of gestation. However, neonatal ocestradiol valerate treatment reduced (P < 0.08) the number of
potentially viable conceptuses per gilt {oestradiol valerate = 8.9 < corn oil x 11.8, SEM = 1.0), and
increased (P < 0.01) the percentage of total conceptuses identified as necrotic or deformed (cestradiol
valerate = 17.1 > corn oil = 1.0, SEM = 3.5%). The proportion of animals with necrotic conceptuses
was 1 of 9 for control gilts, in which a single necrotic conceptus was found, and 7 of 8 for oestradiol
valerate treated gilts, in which 11 necrotic conceptuses and two grossly malformed fetuses were
identified. Embryonic survival, expressed as the proportion of corpora lutea, represented by viable
conceptuses on gestational day 45, was reduced (P < 0.05) by 22% in neonatally oestradiol valerate-
treated gilts (oestradiol valerate = 54.5 < control = 76.9, SEM = 6.9%).

Conclusion

Data indicate that events sensitive to ocestradiol valerate-induced perturbation during the first two weeks
of neonatal life may be required to proceed without interruption to ensure that adult porcine uterine
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capacity is not compromised. More generally, results support the hypothesis that the ability of adult
uterine tissues to recognize and integrate signals necessary for establishment and maintenance of
pregnancy in pigs (Bazer, 1992) may be determined, in part, by the degree of success realized during
critical periods of uterine development.

Data reviewed herein suggest that critical uterine developmental events may be regulated locally,
through dynamic, reciprocal, cell-cell and cell-ECM interactions, and underscore the importance of
efforts to delineate these mechanisms. To this end, use of cestrogens or other natural or xencbiotic agents
as tools with which to manipulate uterine developmental events and induce definable lesions in
adult uterine tissues may provide strategies for identification of both developmental and functional
determinants of uterine capacity in pigs.

The authors thank F. W. Bazer (Texas A&M University} and R. C. M. Simrnen (University of Florida) for valuable
discussions and technical collaboration that have contributed significantly to development of this research.
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