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ABSTRACT OF THE DISSERTATION

Milk-Borne Bioactive Factors:

Effects on Neonatal Porcine Reproductive Tissues

By KATHLEEN M. RAHMAN

Dissertation Director:

Dr. Carol A. Bagnell

Milk-borne bioactive factors (MbFs) are delivered to nursing offspring via a
lactocrine mechanism to affect development of somatic tissues, including the uterus. In
the pig, lactocrine-sensitive events associated with postnatal uterine development
between birth (postnatal day = PND 0) and PND 2 define the developmental program and
can determine developmental trajectory and function. However, lactocrine-sensitive
elements of the neonatal porcine uterine transcriptome have not been defined during this
period. The extent to which MbFs, including insulin-like growth factor (IGF)-I, affect
development of the porcine uterus postnatally is unknown. Furthermore, whether nursing
supports testicular development in pigs by PND 2 remains to be determined. Research
goals were to (1) define the lactocrine-sensitive uterine transcriptome in nursed gilts
compared to animals fed replacer from birth until PND 2; (2) determine whether feeding
colostrum, with or without IGF-I supplementation, supports endometrial cell proliferation

at 12 h postnatal; and (3) assess whether nursing affects Sertoli and Leydig cell



development as well as expression of markers important for testicular development
within two days after birth. Results showed that in uteri of nursed as compared to
replacer-fed gilts, 896 genes were differentially expressed and multiple elements of
biological processes and pathways affected by PND 2. Additionally, data indicated that
when compared to replacer-fed gilts, a single dose of colostrum at birth increased
endometrial cell proliferation at 12 h postnatal. Furthermore, oral IGF-I increased uterine
cell proliferation when co-administered with replacer, but not with colostrum. Sertoli cell
number and proliferation were increased in boars nursed for two days compared to
newborn or replacer-fed boars at PND 2. However, testicular RXFPI expression was
increased in replacer-fed animals as compared to boars collected at birth or after two days
of nursing. Collectively, data presented here reinforce and extend previous findings that
lactocrine signaling supports neonatal porcine reproductive development. Results can be
used to refine and focus the lactocrine hypothesis to identify key MbFs as well as cellular
and molecular mechanisms that regulate postnatal male and female reproductive

development in the pig.
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CHAPTER1

Review of Literature



A. The purpose and scope of the literature review

The goal of this research is to better understand the impact of nursing on the
development of both female and male reproductive tissues in pigs. Colostrum, or first
milk, contains many biologically active factors that have the ability to enter into neonatal
circulation to affect tissue development. Although the role of colostrum in imparting
passive immunity to the neonate is well understood, the impact of nursing on
development of somatic tissues, including the reproductive tract, is less well defined.
Thus, the purpose of this literature review is to explain how neonatal tissues can be
influenced by nursing as proposed in the lactocrine hypothesis. Studies indicating that
biologically active factors, present in colostrum, can influence neonatal development and
adult function will be reviewed. Further, postnatal development of uterine and testicular
tissues will be explored. Finally, the significance of this work as it relates to aspects of
neonatal porcine reproductive development and long-term reproductive performance will

be discussed.

B. Developmental programming

The notion that the relationship between genotype and phenotype is not linear but
rather a complex interplay between genes and environmental cues was first put forth by
Stockard (Stockard 1921) and defined as the epigenome by Waddington (Waddington
1942). Epigenetics, in a general sense, may be defined as the study of stable changes in
gene expression or phenotype that do not result from changes to the DNA sequence
(Goldberg et al. 2007). The ability of the genome to respond to environmental cues that

alter the expressed phenotype is called “plasticity” and occurs during development



(Hochberg et al. 2011). The idea of plasticity goes hand-in-hand with “programming”,
which is defined as the capacity of developing tissues to adapt to conditions present in
early life (Langley-Evans 2006). Taken together, developmental programming describes
the process whereby environmental factors present during a critical window of
development can elicit a response that produces long-term alterations in tissue structure
and/or function (Langley-Evans 2006). Evidence supporting developmental programming
comes from epidemiological studies that established a relationship between early cues
and the risk of developing diseases in adulthood. Barker and Osmond (1986) suggested
that environment in early life can determine risk of disease in adulthood. They recognized
that fetal undernutrition during pregnancy, indicated by low birth weight, was correlated
with later development of ischaemic heart disease (Barker 1993, 1995). Further evidence
relating undernutrition during pregnancy and disease comes from retrospective studies of
the Dutch Hunger Winter during the Second World War, where populations were
subjected to periods of severe undernutrition (Langley-Evans 2006). It is clear that
prenatal undernutrition programmed greater risk of adult coronary heart disease
(Roseboom ef al. 2000) and obesity (Ravelli ef al. 1999). Together, these studies indicate
that fetal nutrition during early life can affect physiology in adult life.

The notion of developmental origins of adult disease is an evolving concept now
recognized to include neonatal as well as fetal stages of development. For instance,
neonatal nutrition, such as fat content in milk, has an impact on adult tissue function in
rats (Khan et al. 2005). Kahn et al., (2005) observed that adult offspring were
hypertensive and hyperinsulinemic after nursing from dams fed a high-fat diet compared

to control rats. Therefore, nutrition during the postnatal programming stage effected a



change in development resulting in an alteration in adult tissue function and metabolism.
Observations suggest that events occurring during the neonatal period, such as altering
nutrition, can affect postnatal developmental programming with lasting effects on adult

tissue function.

C. Colostrum as a conduit for delivery of biologically active factors

Lactation is the defining characteristic of all mammals and involves milk production
by the mammary glands for delivery to nursing offspring (Peaker 2002). It is through
nursing that maternal influence on offspring development is extended into the postnatal
period. Colostrum (first milk) is the initial secretions from the mammary glands
following onset of parturition. Compared to mature milk, colostrum contains higher
concentrations of crude protein and lower concentrations of fat and lactose in pigs
(Klobasa et al. 1987) and other species (Langer 2009), and is rich in milk-borne bioactive
factors (MbFs ) (Blum and Baumrucker 2008). As in other mammals (Langer 2009),
colostrum composition in pigs changes over time during early lactation (Klobasa et al.
1987, Bartol et al. 2012). For instance, the total protein content of colostrum declines by
50% within the first 12 h of lactation (Klobasa et al. 1987). The transition from colostrum
to mature milk occurs by 24-48 h after birth when concentrations of immunoglobulin (Ig)
G drops and IgA becomes more prevalent (Klobasa ef al. 1987).

Studies show that colostrum is important for imparting passive immunological
protection to newborn mammals (Brambell 1966). For example, milk from vaccinated
sows fed to ten day old pigs provided passive protection against Esherichia coli

infections by increasing the survival time compared to animals fed milk from



unvaccinated sows (Wilson and Svendsen 1971). Similarly, newborn calves challenged
orally with bovine rotavirus that were fed colostrum from vaccinated cows were
protected against infection and did not develop disease symptoms compared to calves fed
colostrum from uninoculated cows (Saif ez al. 1983). Furthermore, Saif and colleagues
(1983) determined that the colostral IgG content was higher in inoculated as compared to
uninoculated cows. Results show that immunization of the mother against diseases boosts
colostrum concentrations of antibodies that, once ingested, serve to protect the neonates
from disease.

Transfer of passive immunity, specifically Igs, can occur in utero and/or via
colostrum intake. Whether passage of Igs from the maternal to the fetal circulation occurs
in utero depends upon placental type. Histologically, placental classifications are based
on the number of cell layers that separate fetal and maternal blood supplies (Enders and
Blankenship 1999). The least invasive type of placentation, epitheliochorial, consists of
six layers including the fetal endothelial cells, connective tissue and chorionic epithelial
cells apposed to maternal uterine epithelial cells, connective tissue, and endothelial cells.
In the endotheliochorial placenta involves erosion of the endometrial epithelium, leaving
the maternal capillary endothelium in direct contact with chorionic epithelium. In
hemochorial placentation, chorionic epithelium is in direct contact with the maternal
blood (Enders and Blankenship 1999). Only in hemochorial and endotheliochorial
placentae can large molecules, including immunoglobulins, cross the placenta and enter
the fetal blood stream (Enders and Blankenship 1999). Malek and colleagues (1996)
demonstrated that IgG readily crosses the human placenta into the fetal circulation during

the second and third trimesters of pregnancy by measuring concentrations in maternal



serum and fetal cord blood. Results showed that there was a positive correlation between
the ratio of fetal to maternal IgG levels and gestational age, suggesting that the amount of
IgG transported across the placenta continues to increase as pregnancy continues (Malek
et al. 1996). Unlike human infants, the nature of the epitheliochorial placenta prevents
pigs, horses, and ruminants from receiving Igs in utero. Instead, these species acquire
passive immunity by ingestion of colostrum after birth (Rooke and Bland 2002). For
instance, Markowska-Daniel and colleagues (2010) measured serum Ig concentrations in
pigs immediately following birth, prior to nursing, and on PND 7, 14, and 56. Results
showed that Ig levels were below assay sensitivity at birth, but were detectable in the
serum following nursing at PND 7, 14, and 56 (Markowska-Daniel et al. 2010). Together
these studies demonstrate the importance of lactation for acquisition of Ig transmission in
the newborn pig and indicate that such large molecules are absorbed during this time.
Neonatal gut permeability is an important factor affecting absorption of intact
macromolecules from colostrum. Intestinal cells in neonatal animals have the ability to
take up macromolecules, such as Ig, by endocytosis and transport them intact into the
circulation (Sangild 2003). Increased neonatal intestinal permeability in young offspring
compared to older animals is observed in a variety of mammalian species including
humans (Weaver et al. 1984), rodents, and ungulates (Pacha 2000, Sangild 2003). Loss of
macromolecular gut permeability, which occurs over time in neonatal mammals, is
termed “gut closure”. Timing of gut closure is species-specific (Pacha 2000). By feeding
lactulose and mannitol and measuring their levels in infant urine, Weaver and colleagues
(1984) were able to estimate the timing of gut closure in humans. Results indicated that a

daily decrease in lactulose and mannitol excretion occurred gradually following birth and



PND 4, indicating that the molecules were not being taken up from the gut and
transported into circulation for excretion in the urine (Weaver et al. 1984). This was
interpreted to indicate reduced permeability of the intestine. In ungulates, including the
pig, the ability of the gut to absorb macromolecules ceases within the first few days after
birth as well (Sangild 2003). In nursing pigs, the ability of the gut to absorb
polyvinylpyrrolidone, a nonprotein macromolecule, ceases at 24-36 hours after birth
(Lecce and Morgan 1962). Therefore, a window of opportunity for the uptake of large

molecules in nursing neonatal pigs is only open within the first few days after birth.

D. Nursing can impact development of the neonate

Although the importance of colostrum in imparting passive immunity to the neonate
is widely understood and accepted, the role of other MbFs in influencing neonatal
development is less well known. Colostrum contains a variety of MbFs including growth
factors, antimicrobial peptides, and hormones (Grosvenor 1992, Donovan and Odle 1994,
Playford et al. 2000) that can affect development of neonatal tissues. Evidence to support
this comes from elegant studies conducted in marsupials. Unlike eutherian mammals,
marsupials have comparatively short gestation periods, give birth to altricial young, and
have long lactation periods (Trott ez al. 2003). To accommodate the nutritional needs of
growing neonates (called pouch young), the composition of their milk changes
progressively during lactation and is characterized in three distinct phases (Green ef al.
1980). These changes in milk composition correlate with the ages of pouch young and
can dictate their development. Evidence of this comes from studies conducted where

pouch young consume milk out-of-phase with their age. In one study, pouch young were



fostered onto mothers at more advanced phases of lactation and, ultimately, displayed
advanced development including substantial covering of fur and improved motor
coordination compared to animals ingesting milk that was in phase with their
developmental ages (Trott et al. 2003). Kwek and colleagues (2009) showed that young
at PND 120 that were fostered to mothers at a later stage of lactation [lactation day (LD)
170] displayed more advanced fore-stomach maturation (Kwek et al. 2009).

There is also evidence of MbFs dictating development in eutherian animals.
Nusser and Frawley (1997) showed that mammotrope development in rats coincides with
exposure to early milk. Newborn rat pups were fostered onto dams that had given birth a
week prior and were therefore deprived of milk factors from early lactation (Nusser and
Frawley 1997). Fostered pups displayed a delay in development of mammotropes that, in
adulthood, resulted in altered prolactin secretory activity (Nusser and Frawley 1997). To
determine which milk-borne agent(s) influenced mammotrope development, newborn rat
pituitary cells were cultured with early milk protein fractions of different molecular size
(Porter and Frawley 1991). Results suggested that cell differentiation was stimulated by
peptides of 2-6 kDa in size (Porter and Frawley 1991). In 2013, Liu and colleagues
showed that offspring of heterozygous or homozygous tumor necrosis factor-o (TNFa)
knockout mice exhibited enhanced memory in adulthood compared with offspring of
wild-type parents (Liu et al., 2013). When wild-type offspring were cross fostered onto
TNFa-deficient mothers, their memory as adults was improved. Results were interpreted
to indicate that elements of the postnatal environment were regulating this effect (Liu et
al., 2013). Analysis of milk revealed that several chemokines were down-regulated in

secretions obtained from TNFa knockout mice compared to controls. Supplementing



pups born to TNFa-deficient mothers with those chemokines reduced memory
performance in adulthood. These observations were interpreted to indicate that murine
hippocampal development is lactocrine-sensitive (Liu et al., 2013). Taken together, these
studies illustrate that maternal lactocrine programming of somatic cells and tissues can

affect neonatal development with consequences on adult phenotype.

E. The lactocrine hypothesis

The lactocrine hypothesis was proposed to describe a mechanism whereby MbFs,
communicated from mother to offspring as a specific consequence of nursing, affect the
developmental program of somatic tissues during early neonatal life with the potential to
affect the developmental trajectory of such tissues and, consequently, the functional
capacity of those tissues later in life (Bartol ef al. 2008). This hypothesis, upon which
investigations described in this dissertation are based, was developed through studies
designed to determine how the peptide hormone relaxin (RLX) was involved in porcine
neonatal uterine development.

Relaxin, a 6 kDa protein hormone, acts through its cognate receptor, the RLX family
peptide receptor-1 (RXFP1) (Hsu et al., 2002). Expression of RXFP1 was detected in
porcine uterine tissues at birth (Yan ef al. 2006b). Administration of exogenous RLX to
neonatal pigs increased uterine and cervical wet weights, as well as expression of
estrogen receptor-a (ESR1) and vascular endothelial growth factor (VEGF) A,
recognized to support uterine and cervical developmental (Yan et al. 2008).
Immunoreactive RLX was found in porcine colostrum, with highest concentrations

identified during the first 24h of lactation (Yan et al. 2006b). In gilts allowed to nurse
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normally from birth, serum RLX levels were elevated on PND 0 and 1, but were
undetectable by PND 2. Immunoreactive RLX was undetectable in the serum of newborn
pigs prior to nursing, and in the serum of piglets fed porcine milk replacer in lieu of
nursing (Yan et al. 2006b). The inability of nursing piglets to take up RLX on and after
PND 2 is consistent with the observation that gut closure occurs within three days of birth
(Lecce and Morgan 1962). Milk-borne RLX bioactivity was highest in LD 0 secretions
and decreased to undetectable levels by LD 4 (Frankshun et al. 2010). Thus, high levels
of bioactive RLX are present in colostrum/milk during the first few days of lactation.
Overall, data for the neonatal pig indicate that: (1) bioactive RLX is present in
porcine colostrum at highest levels within two days of birth; (2) milk-borne RLX can be
absorbed into circulation of nursing offspring when consumed within two days of birth;
(3) RXFP1 is present in the porcine endometrium at birth; and (4) both exogenous and
milk-borne, lactocrine-active RLX support endometrial development as reflected by
events including increased endometrial cell proliferation and cell compartment-specific
ESR1 expression associated with endometrial maturation (Yan et al., 2006, Yan et al.,
2008, Miller et al., 2013). Collectively, these observations provided evidence to support
the lactocrine hypothesis for maternal programming of FRT development (Bartol ez al.

2008).

F. Evidence supporting the lactocrine hypothesis in pigs
Evidence supporting the lactocrine hypothesis for maternal programming of uterine
development in pigs comes from a study designed to determine effects of imposition of a

lactocrine-null state for two days from birth, by feeding porcine milk replacer in lieu of
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nursing, on neonatal porcine uterine development at PND 2 and PND 14. Nursing
through PND 2 supported endometrial cytodifferentiative and morphogenetic events
associated with the genesis of nascent uterine glands, including transcription of genes
important for uterine development (Miller ef al. 2013). Further, imposition of the
lactocrine-null state altered patterns of uterine gene expression at transcriptional and
translational levels on PND 2 (Miller et al. 2013). These effects persisted to PND 14,
even after gilts were returned to nursing on PND 2. Moreover, in the absence of
lactocrine signaling for two days from birth, endometrial growth and uterine gland
development were markedly reduced by PND 14 (Miller et al. 2013). Collectively, these
data indicate that disruption of normal lactocrine signaling by imposition of the lactocrine
null state for two days from birth alters the neonatal porcine uterine developmental
program and may also alter the developmental trajectory of uterine tissues with lasting
consequences.

Vallet and colleagues developed an immunocrit assay to measure the concentration of
Ig in the serum of nursing piglets within one day of birth (Vallet ez al. 2012). Since milk-
borne Ig traverses the intestinal barrier and enters the neonatal circulation rapidly, the
quantity of Ig in the blood can be used as an indicator of the amount of colostrum
ingested (Vallet ef al. 2012). Using immunocrit data, a retrospective test of the lactocrine
hypothesis was conducted to determine if there are long-term consequences of colostrum
ingestion on reproductive performance in adulthood. Immunocrit values were obtained
from 381 gilts on the first day of life. The number of pigs born alive for the same gilts
across four parities was recorded (total ~1525 litters). Results showed that pigs with low

immunocrit values as neonates, corresponding to lower colostrum intake or quality on
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PND 0, had fewer pigs born alive in adulthood (Bartol et al. 2013). Thus, as predicted by
the lactocrine hypothesis, colostrum consumption early in life can alter the uterine

development program that has lasting consequences on adult reproductive capacity.

G. Insulin-like growth factor (IGF)-I: Presence in colostrum and neonatal uptake
The insulin family of hormones and growth factors, including insulin, IGF-I, IGF-II,
and relaxin and are mediators of tissue growth and development (Jones and Clemmons
1995). Like RLX, IGF-I has been identified in colostrum from many species including
humans (Baxter et al. 1984), rats (Donovan et al. 1991), cows (Francis et al. 1986), goats
(Faulkner 1999), and pigs (Simmen ef al. 1988). It was also demonstrated that IGF-I
concentrations are highest in colostrum and decrease over the course of lactation with the
transition to mature milk production (Baxter ef al. 1984, Francis et al. 1986, Simmen et
al. 1988, Donovan et al. 1991). In the pig, IGF-I concentrations are highest in colostrum
on lactation day 0, although levels reported vary (Simmen ef al. 1990, Donovan and Odle
1994). It was suggested that the variation in colostral IGF-I concentrations may be
attributed to breed differences and/or timing of colostrum collection (<12 h of lactation
vs >12 h of lactation). An early study showed that insulin, like RLX, is able to pass
through the wall of the gastro-intestinal tract of neonatal rats (Mosinger et al. 1959).
Mosigner and Placer (1959) showed that oral administration of insulin in 2- and 8-day old
neonatal rats induced hypoglycemia. Authors suggest that insulin was able to avoid
digestion and pass, intact, through the intestine to regulate glucose concentrations in

blood.
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Studies have also been conducted on another member of the insulin family of
hormones and growth factors, IGF-I. Burrin and colleagues (1996) fed recombinant
human IGF-I (thIGF-I; 10 ug/ml on PND 1; 20 ug/ml PND 2-4 per feeding) in formula to
pigs from birth to PND 4. Plasma rhIGF-I levels were measured on PND 1, prior to
feeding, and then daily through PND 4. There were no differences in plasma IGF-I levels
in pigs fed formula supplemented with IGF-I compared to animals fed formula alone
(Burrin et al. 1996). However, in rats, Philipps and colleagues (2000) fed suckling
neonates rh'2’I-IGF-I and measured IGF-I levels in portal blood at 5, 10, 20, and 30
minute intervals. Results indicated that IGF-I is absorbed into the portal circulation at
maximal concentrations by 20 and 30 minutes post ingestion (Philipps et al. 2000).
Studies also showed that orally supplemented IGF-I is biologically active in the neonate
and can support tissue development. Houle and colleagues (1997) fed pigs formula alone
or supplemented with rthIGF-I from birth through PND 4 and collected intestinal tissue on
PND 7 and PND 14. Results indicated that orally administered IGF-I did not affect whole
body growth, but did increase intestinal enzyme activity and ileal villus growth (Houle et
al. 1997). Another group fed formula alone or supplemented with thIGF-I for the first
four days after birth and collected intestinal tissues at PND 4 (Burrin et al. 1996). Data
from this study suggested that oral administration of IGF-I increased small intestinal
weight, protein and DNA content, and villus height in neonatal pigs (Burrin ez al. 1996).
Extra-intestinal effects of oral IGF-I supplementation were recorded at even earlier
neonatal ages for pigs. For instance, pigs given IGF-I orally for 24 h displayed an

increase in pancreatic weight and DNA content at PND 1 (Xu ef al. 1994). Data on IGF-I
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uptake and effects on neonatal tissue development are mixed, and whether oral

supplementation of IGF-I can support neonatal uterine development is unknown.

H. Neonatal uterine development in pigs

Development of the porcine uterus, begins prenatally and continues into postnatal life
(Bartol et al. 1993). The initial changes occurring in the neonatal uterus between birth
and PND 60 are not dependent on ovarian signals since ovariectomy on PND 0 did not
affect uterine growth and or uterine wall development (Tarleton et al. 1998). Ovary-
independent maturation of the porcine endometrium is characterized by significant
remodeling of uterine histoarchitecture. At birth, the histology of the porcine uterus is
rudimentary consisting of simple columnar luminal epithelial (LE) supported by the
stromal mesenchyme (Spencer ef al. 1993). Absent at birth, uterine glands begin to form
(a process termed adenogenesis) with differentiation of glandular epithelium (GE) from
the LE (Bartol ef al. 1993). Nascent uterine glands continue to mature, elongate, and
penetrate underlying stroma, eventually extending to the border of the myometrium
(Spencer et al. 1993). By PND 56, endometrial folds are apparent in the uterine wall and
uterine glands have coiled and branched throughout the stroma (Spencer ef al. 1993).
The porcine uterus is functionally mature by PND 120 since it has the ability to support
pregnancy (Dziuk and Gehlbach 1966, Bartol et al. 1993).

Adenogenesis in the neonatal porcine uterus is both estrogen receptor-a. (ESR1) -

dependent and estrogen sensitive (Tarleton et al. 1998, Tarleton et al. 1999, 2001).
Absent at birth, ESR1 expression is evident in nascent glandular epithelium as early as 24

h postnatal (Bartol et al. 2012) and consistently evident at PND 15 (Tarleton ef al. 1998,
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Cooke et al. 2013). Administered from birth, estradiol valerate (EV) advanced and the
type-II antiestrogen ICI 182,780 inhibited endometrial development and adenogenesis in
neonatal pigs (Tarleton ef al. 1999). Administration of EV from birth also altered
expression of genes important for uterine development at PND 14 as reflected by
decreased WNT74 expression and increased expression of HOXA10, RXFP1, and MMP9
(Chen et al. 2010). Overall, data can be interpreted to indicate that ESR1 and ESR1-
medited signaling is required for normal neonatal porcine uterine development. In this
respect, ESR1 is not only a marker, but also a mediator of uterine development in the pig.
Given the importance of the ESR1 system in determining neonatal uterine
developmental fate, it is reasonable to propose that factors acting through or conditions
affecting ESR1 mediated signaling have the potential to affect uterine developmental
programming events. Yan and colleagues (2006) reported that treatment with RLX from
birth altered neonatal uterine development in pigs most overtly only after ESR1
expression had been initiated. While, for example, treatment of gilts with RLX daily from
birth increased LE height on PND 2, effects were most more pronounced at PND 12,
after onset of ESR1 expression, such that both uterine weight and protein content were
increased (Yan et al. 2006a). Administration of exogenous RLX or estradiol-17f (E)
from birth to PND 2 not only increased uterine weight and protein content, but also
increased uterine VEGFA expression (Yan ef al. 2008, Chen et al. 2010), a protein
important for angiogenesis and endometrial growth (Welter et al. 2003), as well as
expression of MMP9 (Yan et al. 2008, Chen et al. 2010), a proteolytic enzyme that
targets the extracellular matrix and is important for uterine tissue growth and remodeling

(Lenhart ef al. 2001). Furthermore, treatment of neonatal gilts with either RLX or E
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increased endometrial cell proliferation, as indicated by proliferating cell nuclear antigen
(PCNA) immunostaining (Masters et al. 2007). Interestingly, pretreatment with ICI
182,780, an estrogen receptor antagonist, attenuated the effects of administering E or
RLX alone on uterine weight, uterine luminal epithelial height, and cell proliferation
(Yan et al., 2006 Repro; Masters et al., 2007). Consistently, Pillai and colleagues (1999)
observed that pretreatment of ovariectomized rats with ICI attenuated RLX-induced
uterine edema. Authors interpreted this finding to indicate that RLX could be acting, in
part, through crosstalk with the ER system (Pillai et al., 1999). Altogether, these
observations suggest that effects of RLX on uterine development in the pig: (1) are
enhanced in the presence of a functional ESR1 system; and (2) indicate crosstalk between

the RXFP1 and ESR1 signaling systems.

I. Global gene expression profiling of the developing uterus

Our knowledge of mechanisms governing neonatal uterine development is limited.
Recent and emerging technologies enable comprehensive examination of the array of
transcripts expressed by cells and tissues, called the transcriptome (Wang et al. 2009).
Microarray technology employs a technique where an unknown sample is hybridized to
an array of immobilized nucleic acids for which the sequences are known, allowing for
the identification of thousands of genes simultaneously (Gershon 2002, Wang et al.
2009). Although the microarray method supports reasonably high-throughput analyses, it
does have several limitations including high background levels due to cross-hybridization
(Wang et al. 2009). RNA-Sequencing (RNAseq) is a high throughput technique that

involves conversion of the entire array of mRNA transcripts obtained from cells or
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tissues into a complementary DNA (cDNA) library which can then be sequenced. The
resulting sequences, which can be quantitated, are then aligned to a reference genome
(Wang et al. 2009). Advantages to RNAseq over microarray are substantial. There are
no physical limitations delimiting the array of transcripts that can be detected. Alternate
transcript splicing can be identified and described. There are effectively no
complications associated with background signal and no upper limits on quantification
and number of unique sequences that can be identified. Additionally, results are highly
reproducible (Wang et al. 2009, Wilhelm and Landry 2009). Consequently, RNAseq is
currently the method of choice for transcriptome profiling (Wang et al., 2009).

Regardless of the method employed, novel information about the developing
uterine transcriptome has been revealed. Results from studies using microarray
technology suggest that neonatal mouse uterine development involves coordinated
changes in expression of genes coding for transcription factors, growth factors, enzymes,
and appropriate receptors (Hu ef al. 2004, Filant and Spencer 2013). Microarray analysis
of LE and GE isolated from normal and aglandular, progesterone-induced uterine gland
knockout mice at PND 10 revealed greater expression of genes in the LE compared to
GE, with GE-expressed genes related to morphogenesis, development, migration, and
retinoic acid signaling (Filant and Spencer 2013). RNAseq was used to define the porcine
endometrial transcriptome on pregnancy day (PxD) 14 (Samborski et al. 2013). Analysis
revealed that as compared to cyclic controls, overrepresented terms of differentially
expressed genes that were lower in pregnancy included extracellular region, ion transport,
and cell adhesion. Those that were higher including defense response, activation of

immune response, and response to hormone stimulus (Samborski et al., 2014). RNAseq
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technology has yet to be used in efforts to define the neonatal porcine devleopmetnal

transcriptome.

J. Neonatal testicular development in pigs

In male pigs the testes also undergo development during the neonatal period. The
testes contain two prominent somatic cell types. Sertoli cells, located within the
seminiferous tubules, function in support of spermatogenesis by nurturing germ cell
development. Early Sertoli cell development differs in pigs as compared to rodents. In
rats and mice, Sertoli cell proliferation is maximal during the late fetal and early neonatal
period (Steinberger and Steinberger 1971, Orth 1982, Kluin ef al. 1984) whereas the
maximal rate of Sertoli cell proliferation in boars occurs after birth, between PND 1 and
PND 14 (McCoard et al. 2001). In boars, greater testicular weight at PND 14 is
associated with an increase in Sertoli cell number (McCoard et al. 2001). Sertoli cell
number determines adult testes size and subsequent capacity of the testes to produce
sperm (McCoard et al. 2001). These observations suggest that Sertoli cell number,
established during the early neonatal period in the pig, can determine mature testicular
size and adult fertility. Further, Sertoli cell proliferation during this early neonatal period
in pigs is sensitive to estrogens. Reducing endogenous estrogens increased proliferation
of porcine Sertoli cells during the first two months of life (At-Taras et al. 2006).

The second prominent somatic cell type within the testis, Leydig cells are found in
the interstitial compartment and function in production of steroid hormones. Like Sertoli
cells, these cells also undergo discrete phases of development. In most species there are

two distinct populations of Leydig cells, fetal and adult. The fetal population appears



19

first, immediately following early differentiation of the fetal testis (Lejeune et al. 1998,
Ivell et al. 2013). In rodents, fetal Leydig cells involute postnatally and a new population
of Leydig cells emerges within the testes (Ivell et al. 2013). This new population further
differentiates into adult Leydig cells, with the process completed by 7-8 wk of age (Ivell
et al. 2013). In pigs, as in humans (Bay et al. 2007), there is an intermediate population
of Leydig cells present during the perinatal period that persists until 2.5 weeks after birth
(Van Straaten and Wensing 1978). During this phase of Leydig cell development the
neonatal porcine testes produce significant amounts of steroid hormones
(Schwarzenberger et al. 1993) including androgens (Colenbrander et al. 1978) and
estrogens (Ford 1983). Consistently, Leydig cells express steroidogenic enzymes
required to catalyze production of steroid hormones (Choi et al. 2009). Neonatal porcine
Leydig cell development and steroidogenic activity are negatively regulated by estrogens,
since reducing endogenous estrogen levels leads to increased Leydig cell testosterone
production during the first months of life in pigs (At-Taras ef al. 2008).

Both Sertoli (At-Taras ef al. 2008) and Leydig (Griswold 1998) cells are
necessary for normal testicular function, including spermatogenesis. A previous report
demonstrated that reducing endogenous estrogens during the neonatal period in pigs
alters testicular function later in life (At-Taras et al. 2006). This, therefore, suggests that a
critical period for proper neonatal testicular development exists postnatally and can affect
subsequent mature reproductive efficiency. Whether nursing, occurring during this time,

can alter testicular development is unknown.
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K. Mediators of Testicular Development

A number of factors, including ESR1, RXFP1, and VEGFA, are recognized to be
involved in mediation of testis development (Korpelainen et al. 1998, Hess and Carnes
2004, Krajnc-Franken et al. 2004). In the pig, ESR1 was undetectable
immunohistochemically on PND 1-2 (Nielsen ef al. 2001). However, by 3 months of
age, ESR1 was localized to Sertoli, Leydig, peritubular myoid, and germ cells in the
porcine testis (Ramesh et al. 2007). The adult ESR1 knockout mouse is infertile because
of increased germ cell apoptosis and atrophy within seminiferous tubules (Gould et al.
2007) and dilution of cauda epididymal sperm (Hess 2003). These observations support
the idea that ESR1-mediated events affect development and function of the male
reproductive tissues, including the testis.

The receptor for relaxin, RXFP1, is a transmembrane protein belonging to the
leucine-rich G protein receptor family (Hsu et al., 2002) and is present in male
reproductive tissues, including the testis, throughout development (Kato et al. 2010).
Both RXFP1 mRNA and protein were localized to Sertoli, Leydig, and germ cells in boar
testis (Kato ef al. 2010). Compared to wild-type controls, RXFP1-null mice exhibited
increased germ cell apoptosis in the testis, as well as spermatogenic arrest, resulting in
reduced fertility suggesting that RXFP1 is a regulator of male reproductive efficiency
(Samuel et al. 2003, Krajnc-Franken et al. 2004).

A major regulator of angiogenesis, VEGFA was observed to be important in male
reproductive tissues during postnatal life. In neonatal bovine testes, VEGFA protein was
localized to mitotically active spermatogonia, as well as to Sertoli and Leydig cells

(Caires et al. 2009). Culturing explanted bovine testicular tissue with VEGF increased
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germ cell survival and number compared to controls (Caires et al. 2009). Additionally,
grafting of explanted testicular tissues after culture with VEGFA increased spermatid
production (Caires et al. 2009). Results of bovine studies suggest that neonatal VEGFA
supports spermatogonial survival leading, ultimately, to greater sperm production (Caires
et al. 2009). However, mice overexpressing VEGFA are infertile due to spermatogenic
arrest (Korpelainen ef al. 1998). This suggests that appropriate levels of VEGFA are
necessary, during development and, perhaps, later in life to insure optimal capacity for

spermatogenesis.

L. Significance and Objectives

The importance of colostrum in providing passive immunological protection to the
neonate is well documented. Although it is also recognized that colostrum contains many
other biologically active molecules including hormones, growth factors, and
antimicrobial peptides (Grosvenor 1992, Donovan and Odle 1994, Playford et al. 2000),
the functional roles of such molecules in support of neonatal development are not well
understood. Nevertheless, it is clear that nursing supports development of somatic tissues
beyond the gut and, in the pig, that neonatal uterine tissues are sensitive to lactocrine
signaling that can have lasting consequences for reproductive performance. The long-
term goal of this research is to better understand the importance of nursing in maternal
programming of neonatal development.

Working hypotheses underlying research presented herein is that: (1) nursing

from birth affects the neonatal uterine transcriptome; (2) MbFs, known to be present in

colostrom, exemplified by IGF-I, can be orally active in the neonatal gilt as reflected by
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effects on neonatal uterine development; and that (3) nursing supports reproductive
development in males as well as females. Specific objectives were to:

1. Define the lactocrine-sensitive neonatal uterine transcriptome on PND 2 by
comparing RNAseq results generated from uterine tissues obtained from gilts that
were either nursed or milk replacer-fed from birth.

2. Determine the impact of feeding colostrum, with or without IGF-I
supplementation, on uterine cell proliferation at 12 h postnatal.

3. Determine effects of nursing from birth on porcine testicular development at PND

2.
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ABSTRACT
Milk-borne factors delivered to nursing offspring via a lactocrine mechanism affect
development of somatic tissues, including the uterus. Gene expression events associated
with porcine endometrial maturation between birth (postnatal day = PND 0) and PND 2
can determine and may define the uterine developmental program. Lactocrine-sensitive
elements of the neonatal porcine uterine transcriptome have not been defined during this
period. Therefore, the objective here was to determine effects of imposition of the
lactocrine-null condition for 48 h from birth on the porcine uterine transcriptome at PND
2 using RNA sequencing (RNAseq). Gilts (n = 4/group) were assigned at birth to be: (1)
nursed ad libitum, or (2) gavage-fed (30 ml/kg BW/2h) commercial porcine milk-replacer
for 48 h. Uteri were obtained at 50 h. Total uterine RNA was extracted and both
concentration and integrity were determined. For each uterus, 500 ng of RNA was used
for cDNA library preparation. Libraries were sequenced (paired end) at > 90 million
reads per sample. After demultiplexing, raw reads were mapped to the latest pig
Sscrofal0.2 build using Avadis NGS software. Validation compared RNAseq results to
those obtained for targeted genes using quantitative RT-PCR. Gene enrichment and
functional analyses were conducted. On PND 2, 896 genes were differentially expressed
(P <0.05, corrected for false discovery rate) in nursed as compared to milk replacer-fed
gilts. Gene enrichment and functional analyses revealed alterations in multiple biological
processes and pathways including estrogen receptor-alpha and hedgehog signaling
pathways, and the plasminogen activating network. Results can be used to refine and
focus hypotheses related to identification of cellular, molecular, and lactocrine

mechanisms regulating neonatal uterine and endometrial development.
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INTRODUCTION

Colostrum serves as a conduit for delivery of many biologically active molecules
to newborn mammals including growth factors, hormones, immunoglobulins, and
antimicrobial peptides (Grosvenor 1992, Donovan and Odle 1994, Playford et al. 2000).
This “first milk’ enables maternal influence on offspring development to continue after
birth and into neonatal life. Milk-borne bioactive factors (MbFs), delivered to nursing
offspring via a lactocrine mechanism, enter the neonatal circulation and can influence
tissue development (Yan et al. 2006, Bartol et al. 2008). Nursing was reported to support
marsupial forestomach development (Kwek ez al. 2009), differentiation and secretory
function of anterior pituitary mammotropes in rats (Nusser and Frawley 1997), and
development of the murine hippocampus (Liu et al. 2014). Lactocrine signaling also
supports development of the neonatal porcine uterus. Imposition of a lactocrine-null state
from birth, by feeding porcine milk replacer in lieu of nursing, inhibited development of
nascent endometrial glands, reduced epithelial cell proliferation, and was associated with
cell compartment-specific changes in expression patterns for estrogen receptor-o (ESR1)
and other genes implicated in endometrial adenogenesis (Miller et al. 2013). These
effects were evident by PND 2 (Miller et al. 2013).

The lactocrine-sensitive neonatal uterine transcriptome has yet to be defined.
Therefore, the objective of this study was to identify effects of imposition of the
lactocrine-null condition from birth on global porcine uterine gene expression patterns on

PND 2 using RNA Sequencing (RNAseq) technology.
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MATERIALS AND METHODS
Animals and Experimental Design

Gilts (Sus scrofa domesticus) were born from an established herd of crossbred
pigs and raised at the Swine Unit of the New Jersey Agricultural Experiment Station,
Rutgers University. All procedures involving animals were reviewed and approved by the
Rutgers Institutional Animal Care and Use Committee and conducted in accordance with
the Guide for the Care and Use of Agricultural Animal in Agricultural Research and
Teaching (McGlone et al. 2010). Care was taken to ensure that sows were nursing litters
of similar size.

At birth, gilts were assigned randomly to treatment groups (n = 4/group) to be
either: (1) nursed ad libitum from birth; or (2) gavage-fed milk replacer (30 mL/kg
BW/2h) from birth through 48 h of age. Gilts were euthanized and uterine tissues
collected at 50 h of age. The experimental design is depicted in Figure 1. Each uterus
was trimmed free of associated tissues and uterine wet weights (mg) were recorded. Uteri
were immersed in RNALater and stored at -80°C until total RNA could be extracted and

processed for RNAseq.

Isolation and analysis of uterine RNA

Total RNA was isolated from 50-60 mg of uterine tissue for each sample using
the miRNA-easy kit (Qiagen Inc., Valencia, CA, USA) following the manufacturer’s
protocol. Quantity and integrity of total RNA samples were measured using a NanoDrop
ND-100 (Thermo Scientific; Waltham, MA, USA), Agilent 2100 Bioanalyzer (Applied

Biosystems; Carlsbad, CA), and Qubit® 2.0 Fluorometer (Invitrogen; Carlsbad, CA,
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USA). Samples with RNA integrity number (RIN) values of 8.0 or higher were used for

RNAseq analyses.

Preparation of RNAseq libraries

Sequencing procedures were conducted by the Levy lab
(www.hudsonalpha.org/levy-lab) at the HudsonAlpha Institute for Biotechnology (HAIB;
Hunstville, AL, USA). The workflow for RNAseq analyses is depicted in Figure 2. Total
RNA (500 ng/sample) was converted into cDNA for library preparation using
NEBNext® mRNA Library Prep Reagent Set for [llumina (New England Biolabs Inc.,
Ipswich, MA, USA) according to manufacturer’s protocols. Each cDNA library was
individually bar-coded with unique indexed primers and amplified through six cycles of
PCR using KAPA HiFi HotStart Ready Mix (Kapa Biosystems Inc., Woburn, MA,
USA). The library quality was determined using a Quibit® 2.0 Fluorometer. Each library
concentration was estimated using a DNA 1000 chip on an Agilent 2100 Bioanalyzer.
Accurate library quantification for sequencing was performed using the qPCR-based
KAPA Biosystem Library Quantification kit (Kapa Biosystems Inc., Woburn, MA,
USA). Each sample library was then diluted to a final concentration of 12.5 nM and
equimolar amounts of each sample were pooled. Pooled samples were then clustered and

amplified prior to sequencing.

Sequencing, alignment, and data analysis
RNA sequencing was performed using a 200 cycle TruSeq SBS HSv3 kit on a

HiSeq2000 which generated > 90 million reads per sample. Sequenced reads were
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demultiplexed using bcl2fastq conversion software v1.8.3 (Illumina Inc., San Diego, CA,
USA) with default settings. Post processing of the sequencing reads from RNAseq
experiments from each sample was performed. For this purpose, quality control checks
on raw sequence data from each sample were performed using FastQC (Babraham
Bioinformatics, London, UK). Raw reads were mapped to the latest pig Sscrofal0.2
[National Center for Biotechnology Information (NCBI); Bethesda, MD, USA] build
using TopHat v1.4.0 (Langmead ef al. 2009, Trapnell et al. 2009) with two mismatches
allowed and other default parameters. Alignment metrics of mapped reads were
estimated using SAMtools (Li e al. 2009). Aligned reads were then imported onto a
commercial data analysis platform, Avadis NGS (Strand Scientifics, CA, USA). After
quality inspection, aligned reads were filtered on the basis of read quality metrics where
reads with a base quality score less than 30, alignment score less than 95, and mapping
quality less than 40 were removed. Remaining reads were then filtered on the basis of
their read statistics, where missing mates, translocated, unaligned and flipped reads were
removed. The reads list was then filtered to remove duplicates. Samples were grouped
with their respective identifiers and quantification of transcript abundance was done on
the final read list using Trimmed Means of M-values (TMM) (Robinson and Oshlack) as
the normalization method. Differential expression of genes was calculated on the basis of
fold change (using default cut-off > £2.0) observed between treatment groups. The p-
value for each differentially expressed gene was estimated by z-score calculations using a
false discovery rate (FDR) correction of 0.05 (Benjamini and Hochberg 1995). Human
orthologs of unannotated differentially expressed genes were identified by Dr. Anthony

K. McNeel [United States Department of Agriculture Agricultural Research Service
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(USDA-ARS), Clay Center, NE, USA] using NCBI BLAST (Bethesda, MD) in
combination with a custom computer program written in Python (www.python.org)
(Haddock and Dunn 2011) and using NCBI modules within BioPython (Cock et al.
2009). Principle component analysis (PCA) was conducted to determine clustering
patterns for both treatment groups. Additionally, a volcano plot was generated to
visualize differential gene expression events between treatment groups. Gene enrichment
analysis was performed using Database for Annotation, Visualization, and Integrated
Discovery (DAVID) (Huang et al. 2009b, a), Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Kanehisa and Goto 2000, Kanehisa et al. 2014), Protein Analysis
Through Evolutionary Relationships (Panther) (Thomas et al. 2003), and Reactome
(Joshi-Tope et al. 2003, Matthews et al. 2007, Vastrik et al. 2007, Matthews et al. 2008).
Functional analyses were accomplished using Ingenuity Pathway Analysis (IPA)
software (www.qiagen.com/ingenuity; Red Wood City, CA, USA). Pathways implicated
previously in uterine development or function were targeted for IPA. Selected pathways

included ESR1, hedgehog signaling, and the plasminogen activating network.

Quantitative RT-PCR

The same RNA used to generate cDNA libraries was also used to validate
RNAseq results by quantitative RT-PCR (qPCR). For qPCR, uterine RNA from each
animal was combined to produce two pooled treatment group samples. Reverse
transcription was performed with 100 ng total RNA per sample using a PTC-200 Peltier
Thermal Cycler (Bio-Rad Laboratories Inc.; Hercules, CA, USA) and the SuperScript III

First-Strand Synthesis System for RT-PCR following manufacturer’s instructions.
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Quantitative PCR was performed using the Applied Biosystems StepOne Plus System
(Applied Biosystems/Life Technologies; Grand Island, NY, USA), the SYBR Green
method, and universal thermal cycling parameters (40 cycles) indicated by the
manufacturer. Primers for gPCR were designed using Primer Quest software (Integrated
DNA Technologies, Inc.; Coralville, IA, USA) and synthesized by Sigma Aldrich. All
primer sequences were directed to the porcine genome (Table 1). To ensure specific
amplification, controls including water only, no primers, and no template were included
in all assays. The quality of primers was evaluated by amplifying serial dilutions of the
cDNA template. Dissociation curves for each set of primers were checked to ensure that
no amplicon-independent amplification had occurred. Data were analyzed using the AACt
method for quantification of gene expression as described by Applied Biosystems (ABI
User Bulletin 2, 2001). The AACt method uses Cr values (the cycle number at which the
fluorescent signal crosses the threshold) of the samples with a control or calibrator
sample (Livak and Schmittgen 2001). The Cr values of the samples and calibrator are
then normalized to an appropriate endogenous reference gene, cyclophilin, the expression
of which was not affected by treatment (P > 0.05). The AACr method was used since
amplification efficiencies determined for target genes were similar to the efficiency
determined for cyclophilin (ABI User Bulletin 2, 2001). A Pearson correlation coefficient
was determined for gene expression fold change of selected genes obtained by RNAseq

and the same relationships determined by qPCR.
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RESULTS

Effects of treatment on group clustering and differential gene expression

Results of PCA analysis, presented in Figure 3, showed that RNAseq data for
nursed and replacer-fed groups clustered independently based on their transcriptomic
expression profiles, suggesting unique uterine gene expression signatures. Volcano plot
analysis (Figure 4A) revealed 896 differentially expressed genes in nursed as compared
to milk replacer-fed gilts on PND 2 (P < 0.05; Figure 4A). Overall, expression was up-

regulated for 291, and down-regulated for 605 of these 896 genes.

RNAseq results validated using gPCR

Results of qPCR analyses for targeted transcripts used in validation of RNAseq
data are presented in Figure 4B. Nine genes targeted for this purpose included those
which, based on RNAseq results, were: (1) up-regulated more than 2.0 fold [matrix
metalloproteinase 7 (MMP?7) and fibrinogen gamma chain (FGG)]; (2) down-regulated
more than 2.0 fold [transmembrane receptor 126b (TMEM126b), interleukin 5 (IL5),
kalirin (KALRN), and progesterone receptor (PGR)]; or that were (3) unchanged [< + 2.0
fold change; follistatin (Foll), glutamate receptor, ionotropic, N-methyl-D-aspartate
(GRIN2C), insulin-like growth factor binding protein 5 (IGFBP5)] in nursed versus
replacer-fed gilts. Results obtained using qPCR agreed well and were consistent with
expression fold changes determined using RNAseq. The correlation between fold change

values determined by RNAseq and qPCR was positive (r = 0.78, P <0.01).



38

Gene enrichment analyses

DAVID analyses identified functional terms for which associated expression
events were primarily up- or down-regulated in nursed gilts compared to replacer-fed
gilts at PND 2. Results are shown in Table 2. Complementary results obtained using
KEGG, Panther, and Reactome analyses are presented in Table 3. Using DAVID,
functional terms for which gene expression was primarily up-regulated were associated
with “response to wounding”, “cell adhesion”, and “coagulation”. Similarly, results of
KEGG, Panther, and Reactome analyses indicated up-regulated gene expression
associated with the “cytokine-cytokine receptor interaction”, “plasminogen activating
cascade”, and “coagulation”. By contrast, DAVID analysis identified “DNA packaging”,
“nucleosome organization”, and “nucleosome assembly” as functional terms involving
transcripts that were primarily down-regulated in uteri of nursed as compared to replacer-
fed gilts on PND 2 (Table 2). Results of Panther analysis (Table 3) indicated that uterine

gene expression associated with the hedgehog signaling pathway was also down-

regulated in nursed as compared to replacer-fed gilts.

Network analyses of lactocrine-sensitive biological pathways

Network IPA of the ESR1 signaling cascade revealed lower expression (P < 0.01)
of genes including triiodothyronine receptor auxiliary protein (TRAP/media),
progesterone receptor (PGR), and histone H3 in gilts that nursed compared to those fed
milk replacer (Figure 5). Analysis of the hedgehog signaling pathway revealed that
expression of patched (PTCH) and the Gli family of transcription factors (GLI) was also

down-regulated (P < 0.001) in nursed gilts (Figure 6). Consistently, RNAseq analysis
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revealed that uterine Indian hedgehog (Ihh) expression was reduced (P < 0.001) in nursed
gilts. Expression of molecules involved in the plasminogen activating network was higher
(P <0.001) in nursed as compared to milk replacer fed gilts. These included plasmin,
plasminogen (PLG), tissue-type plasminogen activator (TPA), serine proteinase

inhibitor, clade A, member 1(SERPINAI), fibrinogen (FG), fibrin, von Willebrand factor

(VWF), factor XIII (F13), and activated factor XIII (F13a) (Figure 7).
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DISCUSSION

A deep sequencing approach was used to identify lactocrine-sensitive elements of
the neonatal porcine uterine transcriptome. Analyses revealed 896 differentially
expressed genes in uterine tissues obtained on PND 2 that were associated with
imposition of the lactocrine-null condition from birth. Results provide compelling
support for the lactocrine hypothesis, indicating global changes in uterine gene
expression patterns by PND 2 in gilts fed milk replacer in lieu of nursing.

Since the first RNAseq publication (Bainbridge et al. 2006), deep sequencing
technology has revolutionized transcriptomics research (McGettigan 2013, Mutz et al.
2013). Large datasets generated using RNAseq pose a challenge with respect to defining
best practices for analyzing gene expression patterns and identifying differentially
expressed genes (McGettigan 2013). Developing strategies and defining protocols for
interpretation of such large, complex datasets requires an interdisciplinary approach.
Collaborations with experts at the HudsonAlpha Institute for Biotechnology and the
USDA-ARS were essential to the success of this RNAseq study. These collaborations
provided expertise and guidance concerning experimental and workflow design, gene
annotation and bioinformatics necessary to evaluate and interpret this unique dataset.

Use of bioinformatic programs permits researchers to determine how differential
gene expression events relate to functional terms describing biological processes. Results
of analyses involving DAVID, KEGG, Panther, and Reactome programs revealed
functional terms and lactocrine-sensitive biological processes associated with uterine
development on PND 2, some of which were expected, and others that were not

necessarily intuitive with respect to uterine development.
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Not surprisingly, “cell adhesion” was identified as a functional term associated
with lactocrine-sensitive uterine development. It is well known that interactions between
cells and their extracellular matrix (ECM) support organizational events that determine
tissue form and function (Gumbiner 1996). Morphogenesis and cytodifferentiation of
uterine tissues are completed postnatally in the pig and it is clear that these events involve
both cell-cell and cell-ECM interactions (Bartol ef al. 1993, Bartol et al. 2006).

Up-regulation of elements related to the “cytokine-cytokine receptor interaction”
pathway in uteri of nursed animals was identified by KEGG. During early pregnancy in
the adult pig, cytokines, such as interferon gamma, originating from the trophoblast, were
suggested to affect remodeling of uterine epithelium (Cencic et al. 2003, Murphy et al.
2009). Interactions between cytokines (such as the interleukins) and their receptors are
important for lung morphogenesis (Blackwell ef al. 2011) and adipogenesis (Annamalai
and Clipstone 2013). Milk-borne cytokines were described to act via a lactocrine
mechanism in regulation of murine hippocampal development and memory (Liu ef al.
2014).

DAVID analysis revealed down-regulation of elements related to “DNA
packaging”, “nucleosome organization”, and “nucleosome assembly” in uteri of nursed
gilts on PND 2. The nucleosome is a basic unit of eukaryotic chromatin structure in
which DNA is packaged into the nucleus by wrapping around core histone proteins
(Turner 2012). Nucleosomes regulate transcription by controlling access of transcription
factors and polymerases to DNA (Turner 2012). Hox gene expression occurs in an
organized manner that is essential for formation of the body plan (Noordermeer et al.

2011). Analysis of the architecture of Hox gene loci in murine embryos revealed distinct
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three-dimensional (3D) domains were associated with active and inactive Hox genes
(Noordermeer et al. 2011). When Hox genes were inactive, they associated into single 3D
structures whereas, once transcription began, Hox clusters switched to a bimodal 3D
structures (Noordermeer et al. 2011). In the neonatal pig, postnatal uterine development
involves developmentally and spatially regulated expression of Hox genes (Bartol et al.
2006). However, the role of nucleosome modifications in regulation of these or related
organizational events in response to lactocrine signaling is presently undefined.

Enrichment analysis of differentially expressed genes also revealed effects on
pathways and functional terms that were unanticipated, including “response to
wounding” and “blood coagulation”. Wound repair involves formation of new ECM that
is followed by cellular differentiation and proliferation of endothelium and epithelium
(Belacortu and Paricio 2011). Similarly, postnatal adenogenesis involves ECM
remodeling, differentiation of glandular epithelium from luminal epithelium, and
increased cell proliferation (Gray et al. 2001). Thus, the process of wound healing
includes events that are similar to those occurring within the developing neonatal porcine
uterus (Miller ez al. 2013). KEGG, Panther, and DAVID analyses indicated that elements
of “blood coagulation” were up-regulated in nursed gilts. Coagulation is a process related
to wound repair that helps to protect tissue integrity after damage (Furie and Furie 1992).
Elements of the coagulation cascade, including plasminogen activators, affect ECM
integrity and adult porcine uterine function (Fazleabas ef al. 1983, Hu et al. 2008).

Ingenuity Pathway Analysis is a tool designed for comprehensive analysis of
large, complex ‘omic’ (genomic, transcriptomic, proteomic, operomic) datasets

(www.quiagen.com/ingenuity). Here, IPA was used to interrogate data generated via
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RNAseq in order to identify and depict elements of biological pathways affected
differentially by treatment in the neonatal porcine uterus on PND 2. Targeted pathways
known to be lactocrine sensitive included ESR1 signaling (Miller ef al. 2013). Others
pathways explored using IPA, and recognized to be involved in uterine development or
function in the adult, included hedgehog signaling (Bartol ef al. 2006) and the
plasminogen activating cascade (Fazleabas et al. 1983).

Transformation of the endometrium from histoarchitectural immaturity to a
mature state occurs postnatally and is characterized by uterine gland genesis (Bartol ef al.
1993, Spencer et al. 1993). This process is marked and mediated by lactocrine-sensitive
ESRI1 expression in nascent glandular epithelium (Tarleton ez al. 1999, Miller et al.
2013). Analysis of the ESR1 signaling pathway using IPA identified PGR expression in
the neonatal porcine uterus that was lower (P < 0.01) in nursed gilts. This observation
constitutes what may be the first evidence of PGR expression in the neonatal porcine
uterus.

Expression of PGR was reported in murine and ovine uterine epithelium and
stroma shortly after birth (Gray et al. 2000, Kurita ef al. 2000, Franco et al. 2012). Based
on data for both the neonatal ewe (Bartol ef al. 1988) and mouse (Bigsby and Cunha
1985, Cooke et al. 2012, Filant et al. 2012), progestin-sensitive, PGR-mediated signaling
was implicated in mechanisms regulating endometrial andenogenesis. In both cases,
PGR-mediated signaling is thought to inhibit uterine epithelial proliferation (Bigsby and
Cunha 1985, Bartol et al. 1988, Cooke et al. 2012).

The neonatal porcine uterus is exposed to placental progesterone (P4) in utero

(Hagen et al. 1983). After birth, the neonatal uterus is also exposed to P4 delivered in
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colostrum (Grosvenor 1992), a maternal source of this steroid hormone in the neonate.
Progesterone is detectable in the circulation of nursed gilts 24 h postnatally (Parker et al.
1980). Whether P4 of maternal origin regulates neonatal uterine PGR expression, as
described for the adult gilt (Geisert et al. 1994), remains to be determined.

Hedgehog proteins are molecules that regulate tissue-patterning events. These
proteins elicit effects by binding to patched (PTCH), a cell surface receptor, to initiate the
signaling cascade (Cohen 2003). Indian hedgehog (Ihh) is one of three mammalian
hedgehog homologs, including Sonic hedgehog (Shh) and Desert hedgehog (Dhh)
(Cohen 2003). In mice, P4 action on neonatal uterine development is mediated through
PGR and elements of the hedgehog signaling cascade including Ihh, PTCH, and GLI
(Simon et al. 2009, Franco et al. 2012). Expression of IThh and PTCH was described for
the neonatal porcine endometrium shortly after birth (Bartol ez al. 2006). Here, RNAseq
analysis revealed that /hh, PTCH, and GLI transcripts were, like PGR, down-regulated in
nursed gilts. Future studies should be conducted to elucidate the roles of these molecules
in mediation of lactocrine-sensitive uterine development.

Further IPA-based review of the ESR1 signaling pathway revealed lower Histone
H3 and TRAP/media expression in nursed gilts on PND 2. This agreed with DAVID
results indicating down-regulated expression of elements associated with “DNA
packaging”, “nucleosome organization”, and “nucleosome assembly”. Histone H3 is one
of the four core histone proteins that make up the nucleosome. These proteins are subject
to post-translational modifications that regulate DNA transcription and chromatin
condensation (Hans and Dimitrov 2001). Like Histone H3, TRAP also interacts with

DNA through the thyroid hormone response element to stabilize binding of the thyroid
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receptor (Beebe et al. 1991). While functional roles of these factors in mediation of
neonatal uterine development remain unclear, results support the idea that factors
affecting basic regulatory mechanisms governing transcription are lactocrine sensitive.

Present results indicated lactocrine effects on the PA network. The PA/plasmin
system includes urokinase-PA (Liu ef al. 2014) and TPA. Both cleave plasminogen to
form plasmin. This process is regulated by PA inhibitors (PAls) (Littlefield 1991).
Expression of 7PA by the neonatal porcine uterus, documented here, is a new
observation. However, TPA and TPA activity were identified in rat uterine cells obtained
on PND 19 (Peltz ef al. 1983). Consistent with present data for the neonatal pig, PAI was
undetectable in uterine tissues obtained from prepubertal gilts at three to four months of
age (Wang-Lee et al. 1998). However, the PA/PAI system was implicated in mediation
of intrauterine trophoblast invasiveness during the peri-implantation period in pregnant
adult gilts (Mullins ef al. 1980, Fazleabas et al. 1983, Menino et al. 1997). In that
system, endometrial PAls are thought to limit trophectodermally derived PA, thereby
facilitating establishment of a superficial, diffuse, epitheliochorial placenta.

How the PA/PAI system mediates cell-cell interactions or other organizational
events associated with neonatal uterine development (Bartol ez al. 1993, Bartol ef al.
2006) is not known. However, the PA system is important for regulation of epithelial-
mesenchymal interactions associated with development of breast cancer. In an in vitro
study, Jo and colleagues (2009) showed that up-regulation of the UPA receptor in breast
cancer cells decreased E-cadherin protein levels and increased cell-cell junction
breakdown. This was reversed if UPA expression was silenced (Jo et al. 2009). Here,

uterine 7PA expression increased in nursed as compared to replacer-fed animals.
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Activation of plasmin by TPA results in: (1) direct breakdown of the ECM; and/or (2)
indirect degradation of the ECM through activation of matrix metalloproteinases (MMPs)
(Hu et al. 2008). In the kidney, TPA-induced MMP9 expression promoted destruction of
the basement membrane, thereby facilitating a tubular epithelial-myofibroblast transition
and development of fibrotic renal lesions (Yang et al. 2002). In the neonatal porcine
uterus, MMP9 expression was higher in nursed as compared to replacer-fed gilts by PND
2 (Chen et al. 2010). It will be important to determine whether this can be related
mechanistically to effects of locally produced uterine TPA.

Analysis of the PA pathway using IPA also indicated expression of serine
proteinase inhibitor, clade A, member 1 (SERPINAI). Uterine expression of SERPINAI
transcripts was higher in nursed gilts on PND 2. SERPINA1 (previously o-1 antitrypsin)
is a member of the serpin superfamily, clade A, of extracellular proteins that function
primarily in inhibition of proteases (Irving ef al. 2000). An example of SERPINAI
function comes from a study of ovarian cancer metastasis. Normandin and colleagues
(2010) showed that SERPINA1 expression was higher in patients diagnosed with low
malignant potential ovarian cancer. Authors proposed that SERPINA1 inhibits proteolytic
degradation of the basement membrane, a process that leads to cancer progression
(Normandin ef al.). SERPINA1 was also shown to be produced and secreted by human
glandular epithelial cells of pregnancy in vitro and was suggested to play a role in
limiting endometrial remodeling (Fay et al. 1990, Hansen and Liu 1997). Additionally,
SERPINAT was detected in the circulation of pigs from birth through PND 56 (Martin et
al. 2005). Studies should be conducted to determine if SERPINA1 regulates uterine

remodeling in the neonatal gilt.
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IPA also revealed additional elements of the plasminogen activating cascade for
which expression was higher in nursed gilts, including FG, fibrin, vWT{, F13, and F13a.
These factors play a role in wound healing and coagulation (Davie ef al. 1991), processes
that DAVID analysis showed were also up-regulated in uteri of nursed gilts reported here.
The first step in the wound response involves adhesion of platelets to form a plug that
reduces blood loss (Davie et al. 1991), a process supported by vWF (Ruggeri 2003). In
parallel to platelet activation, conversion of FG to fibrin and activation of F13 (to F13a)
forms an insoluble fibrin clot (Davie et al. 1991). This clot first stops blood hemorrhage
and then serves as a matrix to enable wound healing (Laurens et al. 2006). The
coagulation cascade is regulated by serine protease inhibitors, such as SERPINA1 (Davie
et al. 1991). Again, elements of the process of wound healing (Belacortu and Paricio
2011), including ECM remodeling and coagulation pathways, share similarities with
postnatal uterine development, including remodeling important for gland genesis initiated
shortly after birth in the neonate (Gray ef al. 2001).

Previous reports (Miller et al. 2013) provide compelling evidence to suggest that
nursing promotes postnatal reproductive development in pigs. Here, results of RNAseq
analysis extended these observations to define the lactocrine-sensitive elements of the
neonatal porcine uterine transcriptome at PND 2. Future efforts should focus on
elucidating temporospatial expression patterns of identified gene products as well as their

functional role in mediating uterine programming and function.
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Postnatal Days (PND)

PNDO 2 50h

n=4/group
Figure 1. Experimental design. Gilts were assigned at birth (PND 0) to either nurse ad

libitum (N) or to receive milk replacer by gavage (R). Uteri were collected on PND 2, as

indicated by the asterisk.
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Figure 2. Flow chart depicting all steps conducted in preparing, running, analyzing, and

validating the RNAseq data set.



Table 1. Porcine gene symbols, names, accession numbers, and primer sequences for
targeted uterine transcripts.
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Gene Gene Name Accession # Forward Primer Reverse Primer
Symbol
MMP7 Matrix NM_ 214207 CGCCTGCCTATAA | TTTGGCTGGCT
metalloproteinase 7 CTGGAAT TGGGAATAG
GRIN2C | Glutamate receptor, | XM 003131237. | TGTGTACTTGCTG | CACCTCTCTGG
ionotropic, N- 3 TTCTGTCTC GTCTTCATTTC
methyl D-aspartate
FGG Fibrinogen gamma | NM 001244524 | TCTCCTACTGGA CCTCCAGCTGC
chain ACCACAGA ACTCTTAAT
ILS Interleukin 5 KC 660157 CGTTAGTGCCATT | CATCAAGTTCC
GCTGTAGAA CATCGCCTATC
KALRN Kalirin EF 443102 GAGGATCCAGAA | TCACGTCTCCT
CACTGAAGAC CACAGATACT
Foll Follistatin AJ 715530 GGCCTATGAGGG ACAGGCTCCTC
AAAGTGTATC AGACTTACT
IGFBPS Insulin-like growth | NM 214099.1 TGAAGAAGGACC | CTGCTCAGATT
factor binding GCAGAAAG CCTGTCTCATC
protein 5
TMEM Transmembrane NM 001243600 | CAGGTAACATAA GTGGCAGTGG
126b receptor 126b GCCGGGAA AACAGTATGA
PGR Progesterone GQ 903679 CCAGCTTGTCGC CGGCATCTAGT
receptor CTTAGAAA GCTCTCATAAC
Cyclo Cyclophilin AU 058466 TTATAAAGGTTCC | TGCCATTATGG
TGCTTTCACAGA CGTGTGAAG
A
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Figure 3. Principal component analysis (PCA) plot of RNAseq data for pooled neonatal

porcine uterine samples from PND 2N (orange) and PND 2R (blue). Unique expression

profiles were identified for each group.
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Figure 4. (A) Volcano plot illustrating differences in neonatal uterine gene expression
between PND 2N and PND 2R. The purple horizontal line denotes P = 0.05; red color
denotes gene expression events that were down-regulated (Fold change > 2); green color
denotes gene expression events that were up-regulated (Fold change > 2); and black
denotes gene expression events for which changes were less than 2-fold. The number of
differential gene expression events that were down- (red) and up-regulated (green) are
shown. (B) Comparison of qPCR results for nine genes determined to be expressed
differentially between PND 2N and PND 2R groups based on results of RNAseq (White

bars= RNAseq; Black bars= qPCR).



53

Table 2. Selected results of DAVID functional annotation clustering indicating terms for
which associated genes were up- or down-regulated in uteri of gilts nursed versus
replacer-fed for two days from birth.

Functional Terms of Over Represented Annotation Clusters® Enrichment
Score”
Up-regulated
Response to wounding (39, 2.5) 6.2
Cell adhesion (43, 2.0) 4.9
Biological adhesion (43, 2.0) 4.9
Inflammatory response (25, 2.6) 4.3
Cation transport (33, 2.0) 3.5
Metal ion transport (29, 2.1) 34
Ion transport (41, 1.8) 34
Coagulation (11, 3.4) 3.0
Blood coagulation (11, 3.6) 3.0
Hemostasis (11, 3.4) 2.8
Down-regulated
DNA packaging (10, 7.1) 5.0
Nucleosome organization (9, 8.1) 4.8
Nucleosome assembly (8, 8.0) 4.2
Chromatin assembly (8, 7.7) 4.1
Protein-DNA complex assembly (8, 7.3) 4.0
Chromatin assembly or disassembly (8, 5.3) 3.1
Cellular macromolecular complex subunit organization (13, 3.0) 2.9
Cellular macromolecular complex assembly (12, 3.2) 2.8
Phospholipid catabolic process (4, 15.2) 2.7
Cardiac muscle tissue morphogenesis (4, 12.4) 2.4

* Values within parentheses indicate the number of genes involved in and fold enrichment
score of the corresponding functional term.

P Value reflects the degree to which a gene set is overrepresented at the top or bottom of a
ranked list of genes. The enrichment score is calculated by taking the geometric mean
of the p-values associated with the differentially expressed genes involved in the
corresponding annotation cluster (-logo scale).
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Table 3. Selected results of KEGG, Panther, and Reactome analyses listing enriched
pathways for which associated genes were up- or down-regulated in uteri of gilts nursed
versus replacer-fed for two days from birth.

Bioinformatics Program Pathways P-value
Up-regulated
KEGG Complement and coagulation cascades 2.08E-04
Cytokine-cytokine receptor interaction 0.004
TGF-beta signaling pathway 0.043
Androgen and estrogen metabolism 0.048
Panther Plasminogen activating cascade 1.56E-04
Blood coagulation 0.001
Synaptic vesicle trafficking 0.024
Reactome Hemostasis 0.016
Integrin cell surface interactions 0.022
Down-regulated
KEGG Systemic lupus erythematous 0.002
Panther Hedgehog signaling pathway 0.068
Reactome Telomere maintenance 1.23E-04
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Figure 5. IPA analysis results for estrogen receptor pathway signaling. Effects of the
lactocrine-null state on elements of this signaling cascade are shown above. Red color
denotes down-regulation (P < 0.01) in nursed compared to replacer-fed gilts. Elements of
the pathway that are white were not affected by treatment. PGR: progesterone receptor;

TRAP/media: triiodothyronine receptor auxiliary protein.



56

Extracellular space

M
Y
N
@9

Cytoplasm

T

Lysosomal degradation

/- §
SMOGTHENED ¥ SMOQTHENED

'\\7 i ] \\_/’
Endosome Endosome

Mucleus

/.;: N
(%)
j\ y 1/ — . s - .
ey [N <A<
Transcriptional Reqgulation
M Phase cell cycle progression Proliferation

Figure 6. IPA analysis results for hedgehog signaling pathway. Effects of the lactocrine-
null state on elements of this signaling cascade are shown above. Red color denotes
down-regulation (P < 0.001) in nursed compared to replacer-fed gilts. Elements of the
pathway that are white were not affected by treatment. PTCH: patched; GLI: Gli family

of transcription factors.



N Intrinsic Pathway
KNG1g
PN
6oy | i
KLKE e *\I*\—maw
High X
s €125
KBy

. KCKBTa 123>
SERPNF2 2
Plasmim—+—BLS>

Opﬁ ; ,11:?\\

Ca-dependent

N

FI—L <115

57

Extrinsic Pathway

F b FT >

Calphospholipid
~ dependent
Ca-dependent =
Pfoteln P L ;
\.E,}" " Q i Fag ‘\FS ! N
grotein = NWE) ( !
["WF‘ G\ (wF) \an»’—»i Wy AL
< A~ . Ca-dependent /~—
[ Fa ) (F5a) —Pcteine 1
Pr'olem’\S — Tpp|
/',/_-:;:::\ 2 ’jIFSle?a\\: —\
7 \(F3)
<F10> 10— (F3) ) €0g— £ig>
N

A i
\ F3'F5a — Fma;‘

Fga)\/ =
- SELRPlNAs I”F%‘

4
SE(RMN\H X
F2a
Prateid
F'roterp .
= )
A
AN
BOK) UPA> F2d

Extracellular space /bL
_

Cytoplasm

L1

_IPA_FQR—

|(F3\F
s ,/
Ca%ﬁnsphuhpld e
dependent
Eidp 1

Ténomen)

Fibrin degradation products

Figure 7. IPA analysis results for the plasminogen activating cascade. Effects of the
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that are white were not affected by treatment. TPA: tissue-type plasminogen activator;
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ABSTRACT
Delivery of milk-borne bioactive factors (MbFs), including relaxin, to nursing offspring
via a lactocrine mechanism can affect development of somatic tissues, including the
uterus. The extent to which other MbFs, such as insulin-like growth factor (IGF)-I, affect
uterine development is unknown. Here, the objective was to determine how feeding
colostrum with or without IGF-I supplementation supports uterine cell proliferation at 12
h of age. At birth, gilts were randomly assigned to receive a single dose (15 ml) of: (1)
colostrum collected at 0 hour (0 h) lactation; (2) colostrum (0 h) supplemented with IGF-I
(1pg/ml); (3) porcine milk replacer alone; or (4) porcine milk replacer supplemented with
IGF-I (1pg/ml). Following the initial feeding, all gilts received milk replacer (30ml/kg
BW/2h) alone until 10 h of age. Uterine tissues were collected at 12 h and subjected to
immunostaining for proliferating cell nuclear antigen (PCNA) to determine cell
proliferation patterns and labeling indices (LI) for epithelial and stromal cell
compartments. PCNA immunostaining was detected in all animals. Compared to gilts fed
a dose of colostrum at birth, supplementation of colostrum with IGF-I did not affect
uterine epithelial or stromal PCNA LI. In contrast, feeding milk replacer alone reduced
(P <0.01) both epithelial and stromal PCNA LI compared to animals fed a single dose of
colostrum. However, as compared to gilts fed milk replacer alone, supplementation of
replacer with IGF-I increased (P < 0.01) PCNA LI in both epithelium and stroma.
Feeding IGF-I supplemented milk replacer at birth resulted in uterine PCNA LI values
similar to those observed for gilts fed colostrum. Results provide the basis for an efficient

neonatal porcine bioassay for detection of lactocrine activity in a single dose of colostrum
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by 12 h postnatal. Results also suggest that IGF-I is a potentially lactocrine-active factor

in the neonatal pig.
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INTRODUCTION

Lactation, a defining characteristic of mammals, extends the period of maternal
influence on developing offspring beyond gestation. First milk (colostrum) serves as a
conduit for both nutritive and non-nutritive, milk-borne bioactive factors (MbFs) that can
affect neonatal development as proposed by the lactocrine hypothesis (Yan et al. 2006,
Bartol ef al. 2008). Transient permeability of the neonatal intestinal epithelium, the
duration of which is species-specific (Pacha 2000), allows MbFs, including proteins and
peptides, to enter into the peripheral circulation intact (Sangild 2003). Evidence that
MbFs are important for development comes from studies showing that nursing supports
mammotrope development and secretory function in rats (Nusser and Frawley 1997),
hippocampal development and memory in mice (Liu et al. 2014), gastric development in
marsupials (Kwek et al. 2009), and immune system maturation in humans (Andersson et
al. 2009). Studies of the neonatal porcine uterus (Miller et al. 2013) indicate that nursing
from birth supports normal patterns of uterine gland development, cell proliferation, and
endometrial cell compartment-specific gene expression events, evident by as early as
postnatal day (PND) 2.

A member of the insulin-like family of hormones, relaxin (RLX) is present in
colostrum (Eddie et al. 1989, Goldsmith ef al. 1994, Frankshun et al. 2010) and is
important for promoting growth and remodeling of reproductive tissues (Yan et al. 2008).
Detectable in the peripheral circulation of nursing pigs at 12 h postnatal, RLX was
undetectable in serum of neonates fed RLX-free porcine milk replacer from birth (Yan et
al. 2006). These results were interpreted to indicate that RLX was delivered from mother

to offspring in colostrum via a lactocrine mechanism (Yan et al. 2006). Evidence to
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support RLX as a protypical, lactocrine-active hormone included: (1) identification of a
natural source of bioactive RLX in colostrum (Frankshun et al. 2010); (2) data indicating
detectable concentrations of RLX in the neonatal porcine circulation after nursing; (3)
expression of RLX receptors in the neonatal porcine uterus (Yan et al. 2006); and (4) data
indicating neonatal uterine responsiveness to exogenous RLX (Yan ef al. 2008).

Like RLX, insulin-like growth factor (IGF)-I, a 7 kDa mitogenic peptide, is present in the
milk of many species including humans (Baxter ef al. 1984), rats (Donovan et al. 1991),
cows (Francis et al. 1986), goats (Faulkner 1999), and pigs (Simmen et al. 1988).
Additionally, IGF-I is present at higher concentrations in colostrum than in mature milk
(Burrin 1997). Orally administered IGF-I is bioactive in the neonatal pig and acts locally
to promote increased villus growth and cell proliferation in the small intestine (Burrin et
al. 1996, Houle et al. 1997). Whether orally administered IGF-I affects development of
neonatal somatic tissues beyond the small intestine remains to be determined.

Since lactocrine-mediated effects on neonatal uterine development and related
cell compartment-specific events associated with endometrial morphogenesis in the
neonatal pig are evident by PND 2 (Miller ef al. 2013), it is likely that such effects could
be detected within 48h of birth. If so, basic elements of a more efficient bioassay for
identification of potentially lactocrine-active factors would be in hand. Thus, objectives
of this study were to determine: (1) if a single oral dose of 0 h lactation colostrum would
affect compartment-specific patterns of uterine endometrial cell proliferation at 12 h
postnatal; and (2) whether such effects would be altered by co-administration of IGF-I, a

potentially lactocrine-active factor.
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MATERIALS AND METHODS

Animals

Gilts (Sus scrofa domesticus) were born from an established herd of crossbred
(Duroc, Hampshire, Yorkshire, and Landrace) pigs and raised at the Swine Unit of the
New Jersey Agricultural Experiment Station, Rutgers University. All procedures
involving animals were reviewed and approved by the Rutgers University Institutional
Animal Care and Use Committee and conducted in accordance with the Guide for the
Care and Use of Agricultural Animals in Agricultural Research and Teaching (McGlone
et al. 2010). Care was taken to ensure that treatments were balanced for potential effects
of litter (n = 6), and that sows were nursing litters of similar size. Based on a study
suggesting that pigs of lower birth weight display below average postnatal development
(Rehfeldt and Kuhn 2006), gilts were included in the experiment if birth weight was 1.3
kg or greater. Pigs were fed a nutritionally complete commercial pig milk replacer
(Advance Liqui-Wean MSC Specialty Nutrition; Carpentersville, IL, USA) based on

body weight and housed in a pen adjacent to the sow and littermates.

Experimental design and tissue collection

At birth, crossbred gilts were randomly assigned to treatment groups (n = 4-
6/group) and gavage-fed (15 ml/kg BW) a single dose of either: (1) colostrum collected at
the onset of parturition [0 hour (0 h) lactation]; (2) colostrum (0Oh) supplemented with
recombinant human IGF-I (1 pg/ml; Peprotech; Rocky Hill, NJ, USA); (3) milk replacer
alone; or (4) milk replacer supplemented with IGF-I (1 pg/ml), as illustrated in Figure 1.

The dose of IGF-I was based on results of a study that measured IGF-I in porcine



colostrum within 12 h of birth (Simmen et al., 1990). Gilts in all treatment groups were
then fed milk replacer alone (30 ml/kg BW/2h) until 10 h of age. At 12 h postnatal,
animals were euthanized and uteri were collected. Uteri were trimmed of associated
tissues and uterine wet weights (mg) were recorded. Tissues were fixed in Xpress

Universal Molecular fixative (Sakura; Torrance, CA, USA).

Histology and immunohistochemistry

Porcine uteri were embedded in Paraplast Plus (VWR; Radnor, PA, USA) and
sectioned at 6 um. Tissue sections from each animal were affixed to SuperFrost plus
slides (Thermo Scientific; Waltham, MA, USA). Sections were deparaffinized,
rehydrated, and subjected to staining for proliferating cell nuclear antigen (PCNA).
Sections were then incubated overnight at 4°C with mouse anti-rat PCNA antibody
(1:500; clone PC10; Santa Cruz Biotechnology; Santa Cruz, CA, USA). Sections
representing all animals from each treatment group were processed together using the
Vecta-Stain ABC elite kit (Vector Laboratories; Burlingame, CA, USA). Following
incubation with secondary antibody and ABC reagent, color was developed using 0.1%
3,3'-Diaminobenzidine substrate (Santa Cruz Biotechnology; Santa Cruz, CA, USA).
Negative controls included substitution of mouse primary antibody isotype IgG (for

PCNA; Zymed; Carlsbad, CA, USA) for primary antibodies as appropriate.

PCNA labeling index
Following PCNA immunolocalization, four to six images were taken from two

non-sequential immunostained uterine sections from 3-4 gilts per treatment group.
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Images were obtained using a QImaging camera (QImaging, Surrey, Canada) and
converted to 8-bit grayscale in Adobe Photoshop. Grayscale images were analyzed using
Image] software (National Institutes of Health; http://rsbweb.nih.gov/ij/) as described
elsewhere (Masters et al., 2007). Briefly, PCNA-positive nuclei were identified when
staining intensity values generated by image analysis were within 25% of the highest
possible intensity value. PCNA LI, expressed as a percentage, was determined for
epithelium and stroma in tissues obtained at 12 h of age for all four treatment groups. A
minimum of 800 epithelial and 900 stromal cells (labeled and unlabeled) were counted
for each gilt. The number of labeled cells was divided by the total number of cells
counted and multiplied by 100 to generate PCNA LI values as a percentage of total cells
counted. Grayscale images were converted to pseudocolor using procedures previously
described (Masters et al., 2007). Colors were assigned based on relative staining intensity
of the grayscale images. For images presented here, the red-yellow color denotes highest
staining intensity whereas the blue-black color denotes areas where little to no staining

occurred.

Statistical analysis

Data were subjected to ANOVA using general linear model procedures available
with SAS (SAS 2009-2010). Statistical models for all quantitative data used preplanned
contrasts and considered main effects of a single dose of colostrum or milk replacer with
or without oral IGF-I (colostrum alone versus replacer alone; colostrum versus colostrum
+ IGF-I; replacer alone versus replacer + IGF-I). Uterine wet weights and whole body

weights, as well as PCNA LI values for the uterine epithelium and stroma, were tested for
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normality using the Shapiro-Wilks test (Henderson, 2006) and found to be normally
distributed. Error terms were identified based upon expectations of the mean squares for

error. Results are expressed as least squares means (LSM) with SEM.
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RESULTS
Effects of a single oral dose of colostrum or milk replacer at birth, with or without IGF-I,

on uterine weight, PCNA immunostaining, and PCNA LI

As depicted in Figure 2, uterine weights at 12 h postnatal were similar in gilts fed
a single dose of colostrum at birth, with or without oral IGF-I, or milk replacer alone (163
+ 12 mg/kg). However, mean uterine weight was greater (P < 0.05) in replacer-fed gilts
supplemented with IGF-I (270 + 12 mg/kg), as compared to gilts fed replacer alone. Body
weights at 12 h postnatal were not affected by treatment (1.8 + 0.08 kg).

Photomicrographs depicting effects of a single oral dose of colostrum or replacer
at birth, with or without supplemental IGF-I, on endometrial PCNA immunostaining
patterns are shown in Figures 3 and 4. Figure 3 depicts original grayscale images used for
calculation of PCNA LI for epithelial and stromal compartments. Those images were
converted to pseudocolor, as illustrated in Figure 4. In both figures, nuclear, PCNA-
positive staining was observed in epithelial and stromal compartments across all
treatment groups. Uterine immunostaining was more intense in gilts fed colostrum,
colostrum with IGF-I, and replacer with IGF-I as compared to gilts fed replacer alone.

Histograms depicting treatment effects on PCNA LI are shown in Figure 5. At 12
h postnatal, PCNA LI was reduced (P < 0.01) in both cell epithelial and stromal
compartments for gilts fed replacer as compared to gilts fed a single dose of colostrum.
Addition of IGF-1 to colostrum did not affect PCNA LI in either compartment. In
contrast, PCNA LI increased (P < 0.01) in both cell compartments for gilts fed replacer

supplemented with IGF-I at birth as compared to those fed replacer alone.
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DISCUSSION

Studies in the pig showed that effects of nursing on uterine wall development are
detectable by 48 h from birth, providing support for a two day neonatal porcine bioassay
for detection of lactocrine activity (Miller ef al. 2013). Imposition of the lactocrine-null
state, by feeding milk replacer in lieu of colostrum from birth, reduced PCNA LI in both
luminal epithelium (LE) and GE at PND 2 when compared to gilts that nursed over the
same period (Miller ef al. 2013). Results presented here support and extend these
observations with evidence that, when compared to replacer-fed gilts, a single dose (15
ml) of colostrum at birth increased endometrial cell proliferation at 12 h postnatal. These
results provide the basis for a more efficient bioassay for detection of colostral lactocrine
activity in the neonatal pig. Furthermore, present data indicate that oral IGF-1 increased
endometrial cell PCNA LI when co-administered with replacer, but not with colostrum.
Thus, in the neonatal pig, bioactivity of oral IGF-I, as defined by effects on uterine cell
proliferation, is dependent on the mode of delivery (colostrum versus replacer).

The fact that body weights were similar whether gilts were fed a single dose of
colostrum or milk replacer at birth, with or without IGF-1, indicates that uterine
responses to treatments at 12 h postnatal were not biased by body weight. These results
are consistent with evidence that replacer-feeding does not compromise growth of
neonatal pigs within 48 h of birth (Chen et al. 2011). The increase in uterine weight
observed for gilts fed replacer supplemented with IGF-I is consistent with previous
findings that oral IGF-I can increase organ weights. For example, pigs fed formula with

supplemental IGF-I had increased pancreatic weights at 24 h postnatal (Xu ef al. 1994),
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and neonatal rats fed a milk substitute containing IGF-I displayed increased brain and
liver weights compared to controls (Philipps et al. 1997).

In this study, all piglets were fed by orogastric gavage using a feeding tube.
Consequently, none of the piglets in this study were allowed to nurse or engage in
sucking behavior. Few studies address the question of whether method of feeding from
birth affects developmental outcomes in pigs. Widowski and colleagues (2005)
understood that newborn pigs are highly motivated to engage in specific nursing
behaviors, particularly sucking. They observed that, in contrast to littermates fed replacer
from a trough, pigs allowed to ingest milk replacer from baby-bottle nipples mounted to a
wall displayed typical nursing behaviors (i.e., sucking limited to nipples and sleeping
between feedings) (Widowski et al. 2005). Present results indicate that colostrum,
delivered by orogastric gavage, was effective in promoting uterine cell proliferation when
compared to gilts gavage-fed replacer alone. Thus, results suggest, but do not confirm,
that it is colostrum, not nursing behavior, that is important for lactocrine signaling in pigs
at 12 h postnatal.

In order to determine if an MbF acts via a lactocrine mechanism, several criteria
should be met including the following: (1) MbF detection in milk; (2) higher MbF levels
in the neonatal circulation post nursing; (3) expression of ligand-specific receptors in
target tissues; and (4) evidence of biological activity of the MbF in the neonate (Peaker
2002, Yan et al. 2006). Results from previous reports suggested that IGF-I meets the first
criterion in that it was identified in colostrum of several species (Baxter et al. 1984,
Francis ef al. 1986, Donovan et al. 1991, Faulkner 1999) including the pig (Simmen et al.

1988). However, whether oral IGF-I can be absorbed into the circulation following
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ingestion remains controversial. For example, supplementation of formula with rhIGF-I
for four days from birth did not affect plasma IGF-I levels as determined by radio
immunoassay (Burrin et al. 1996). In contrast, when neonatal rats (PND 10-12) were

given oral th'*® I-IGF-1, the highest concentrations of this '*°

I-labeled ligand were
identified in portal blood at 20 and 30 minutes following ingestion (Philipps et al. 2000).
Whether orally administered IGF-I is transmitted into the circulation of neonatal pigs
and, therefore, meets the second criterion of a lactocrine-active MbF remains to be
determined.

Receptors for IGF-I have been reported in uterine GE of cyclic and pregnant
baboons (Hild-Petito ef al. 1994), myometrium of immature and cyclic rats (Ghahary et
al. 1990), and both LE and GE of cyclic mice (Baker et al. 1996). Although IGF-I
receptors (IGF-IR) were detected in the adult porcine uterus (Hofig ef al. 1991),
expression has not been demonstrated for the neonatal pig. However, IGFIR expression
was reported for the developing neonatal ovine uterus from PND 1 to PND 56, and
localized to developing LE and GE (Taylor et al. 2001). Similar data have yet to be
reported for the neonatal pig, leaving the third criterion implicating IGF-I as a porcine
MDF unsatisfied as well.

Results of this study indicate that IGF-I, when fed orally in milk replacer, is
biologically active in the neonatal porcine uterus, as reflected by positive effects on
uterine PCNA LI. Others reported that feeding formula supplemented with IGF-I from
birth increased intestinal weight, protein, and DNA content, as well as villus height in

neonatal pigs (Burrin et al. 1996). Similarly, newborn pigs fed formula with thIGF-I

exhibited increased intestinal crypt depth and enzyme activity (Houle et al. 1997, Houle
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et al. 2000). Xu and colleagues (1994) reported that feeding formula supplemented with
IGF-I for 24 h after birth increased neonatal porcine pancreatic weight and DNA content
(Xu et al. 1994). Why, in the present experiment, supplemental IGF-I had no effect on
uterine cell proliferation when administered in colostrum is unclear. One explanation for
this result may be that factors in colostrum, including IGF binding proteins (IGFBPs)
(Gibson et al. 1999, Blum and Baumrucker 2008) bind IGF-I and prevent it from
associating with the IGF-IR (Ferry ef al. 1999). Indeed, the majority of IGF-I in porcine
colostrum is associated with carrier proteins (Simmen ef al. 1988). Caseins can also bind
IGF-I (Xian ef al. 1995). However, the extent to which such proteins inhibit the ability of
IGF-I to interact with the IGF-IR is not known. Whether it is IGFBPs or other colostral
proteins, absent in milk replacer, that affect IGF-I bioavailability remains to be
determined.

Data provided here and elsewhere (Miller ef al. 2013) show that lactocrine
signaling supports neonatal porcine uterine development. Present results provide the basis
for a more efficient neonatal bioassay with which to identify lactocrine-active porcine
MbFs. Results also implicate IGF-I as a potential lactocrine-active factor in the neonatal
pig. The stage is now set for additional experiments designed to determine if IGF-I can
be added to the list of lactocrine-active molecules affecting uterine development in the

neonatal pig.
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Figure 1. Experimental design. Gilts were assigned at birth (0 h) to treatment groups and
gavage-fed (15 ml) a single dose of one of the following: (1) colostrum (C) collected at
Oh lactation; (2) colostrum with oral IGF-I (1 pg/ml; C + IGF-I); (3) milk replacer alone
(R); or (4) milk replacer with IGF-I (1 pg/ml; R + IGF-I). All gilts were then gavage-fed

replacer through 10 h postnatal. Uteri were collected at 12 h postnatal (asterisk).
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Figure 2. Effects of feeding a single dose of colostrum (C) or milk replacer (R) alone (-)
or supplemented with IGF-I (+) on neonatal porcine uterine weight (mg/kg) at 12 h
postnatal. Individual weights are presented and horizontal bars indicate LSM. Different

letters denote differences at P < 0.05.
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Figure 3. Photomicrographs depicting endometrial hisology and effects of a single dose
of colostrum or replacer at birth, with or without oral IGF-I, on PCNA immunostaining
patterns for stroma (St) and epithelium (Epi) at 12 h postnatal. Nuclei of cells stained

positively appear black. Original magnification 10X. Bars indicate 50 pm.
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Figure 4. Photomicrographs depicting effects of feeding a single dose of colostrum or
replacer with or without oral IGF-I on PCNA immunostaining patterns of the uterine
epithelium (Epi) or stroma (St) at 12 h postnatal. Nuclei of cells stained positively appear
red-yellow. Blue-black color denotes background. Signal intensity is indicated by color
(bottom legend: H: high to Bg: background). Original magnification 10X. Bars indicate

50 pm.
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Figure 5. Effects of feeding a single dose of colostrum (C) or milk replacer (R) alone (-)
or supplemented with IGF-I (+) on the PCNA LI for epithelial (top) and stromal (bottom)
compartments of the neonatal porcine uterus at 12 h postnatal. PCNA LI data are

presented as LSM + SEM. Different letters denote differences at P < 0.01.
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ABSTRACT
The lactocrine hypothesis suggests a mechanism whereby milk-borne bioactive factors
delivered to nursing offspring and affect development of neonatal tissues. The objective
of this study was to assess whether nursing affects testicular development in neonatal
boars as reflected by: (1) Sertoli cell number and proliferation measured by GATA-4
expression and proliferating cell nuclear antigen (PCNA) immunostaining patterns; (2)
Leydig cell development and steroidogenic activity as reflected by insulin-like factor 3
(INSL3) and P450 side chain cleavage (scc) enzyme expression; and (3) expression of
estrogen receptor-alpha (ESR1), vascular endothelial growth factor (VEGF) A, and
relaxin family peptide receptor (RXFP) 1. At birth, boars were randomly assigned (n = 6
- 7/group) to nurse ad libitum or to be pan fed porcine milk replacer for 48 h. Testes were
collected from boars at birth, prior to nursing, and from nursed and replacer-fed boars at
50 h on postnatal day (PND) 2. Sertoli cell PCNA labeling index increased (P < 0.01)
from birth to PND 2 in nursed, but not in replacer-fed boars. Sertoli cell number and
testicular GATA-4 protein levels increased (P < 0.01) from PND 0 to PND 2 only in
nursed boars. Neither age nor nursing affected testicular INSL3, P450scc, ESRI, or
VEGFA levels. However, testicular RXFPI levels increased (P < 0.01) with age and were
greater in replacer-fed boars on PND 2. Results suggest that nursing supports neonatal
porcine testicular development and provide additional evidence for the importance of

lactocrine signaling in pigs.



88

INTRODUCTION

Maternal effects on offspring development do not end at birth (postnatal day =
PND 0) (Bartol et al. 2013), but continue thereafter, when biologically active factors
present in milk, such as growth factors, antimicrobial peptides and hormones (Playford et
al. 2000) are communicated to neonates via nursing (Yan et al. 2006, Bartol et al. 2008).
Thus, the lactocrine hypothesis was proposed to describe the mechanism by which milk-
borne bioactive factors, exemplified by the hormone relaxin (RLX) in the pig, might
affect development of neonatal somatic tissues (Yan et al. 2006). It is known that nursing
promotes differentiation and function of anterior pituitary mammotropes in rats (Nusser
and Frawley 1997), forestomach development in marsupials (Kwek et al. 2009), and
immune system maturation and function in humans (Andersson et al. 2009). In the pig,
nursing for 2 d from birth supports endometrial development, including cell
compartment-specific expression of estrogen receptor-a (ESR1), vascular endothelial
growth factor A (VEGFA), and relaxin family peptide receptor 1 (RXFP1) (Miller et al.
2013). Further, imposition of the lactocrine-null condition for 2 d from birth by feeding
milk replacer in lieu of colostrum altered patterns of uterine gene expression at
transcriptional and translational levels by PND 2 (Miller ef al. 2013). These effects
persisted to PND 14, even after replacer-fed gilts were returned to nursing on PND 2,
such that uterine gland development was markedly reduced by PND 14 (Miller et al.
2013). Thus, effects of lactocrine signaling on the reproductive tract, evident as early as
PND 2, can indicate changes in the organizational program that affect tissue

developmental trajectory (Bartol et al. 2013).
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In the boar, Sertoli cell number, established during the prepubertal period in pigs
(Franca et al. 2000), determines adult testis size and capacity for sperm production
(McCoard et al. 2001a). The first phase of Sertoli cell proliferation occurs during the first
2 wk of porcine neonatal life (Franca et al. 2000, McCoard et al. 2001a). Leydig cell
development, reflected by insulin-like factor 3 (INSL3) expression (Ivell et al. 2013), is
also significant during the first mo of neonatal life in the pig (Franca et al. 2000).
Accordingly, testicular steroidogenesis, marked by P450 side-chain cleavage (scc)
enzyme expression (Choi et al. 2009), increases markedly during this period (Raeside et
al. 1997).

Lactocrine-sensitive endometrial gene products, including ESRI, VEGFA, and
RXFPI (Miller et al. 2013), also affect testicular development, structure, and function.
Localized to Sertoli, Leydig, peritubular myoid, and germ cells in the neonatal boar
(Ramesh et al. 2007), ESR1 is required to sustain germ cells and stabilize seminiferous
tubule structure (Hess 2003, Gould ef al. 2007). Similarly, VEGFA is important for
seminiferous tubule development and vascularization, as well as for maintenance of germ
cells in developing testes (Bott e al. 2006, Caires et al. 2009). Signaling through RXFP1,
localized in Sertoli, Leydig and germ cells of neonatal boars (Kato et al. 2010), supports
sperm maturation and fertility (Samuel et al. 2003, Krajnc-Franken ef al. 2004). Factors
affecting neonatal porcine testis development, including Sertoli cell proliferation, Leydig
cell development and associated steroidogenic activity, can determine reproductive
capacity in adulthood.

Whether lactocrine signaling is required to: (1) establish the neonatal testicular

developmental program; or (2) determine testicular developmental trajectory has yet to be
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determined. To address the first of these questions, objectives were to determine effects
of neonatal age and nursing from birth on: (1) Sertoli cell number and proliferation as
reflected by GATA-4 expression (McCoard et al. 2001b) and proliferating cell nuclear
antigen (PCNA) immunostaining patterns (Iatropoulos and Williams 1996, Nolte et al.
2005); (2) Leydig cell development and steroidogenic activity indicated by /NSL3 and
P450scc expression; and (3) ESR1, VEGFA, and RXFP1 expression in testes collected

from boars immediately after birth and on PND 2.
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MATERIALS AND METHODS

Animals

Boars (Sus scrofa domesticus) were born from an established herd of crossbred
(Duroc, Hampshire, Yorkshire, and Landrace) sows and raised at the Swine Unit of the
New Jersey Agricultural Experiment Station, Rutgers University. All procedures
involving animals were reviewed and approved by the Rutgers Institutional Animal Care
and Use Committee (Protocol #88-709) and conducted in accordance with the Guide for
the Care and Use of Agricultural Animals in Agricultural Research and Teaching
(McGlone and Swanson 2010). Care was taken to ensure that treatments were balanced
for potential effects of litter (n=16) by placing littermates into each of the treatment
groups and insuring that sows were nursing litters of similar size. Based on a study
suggesting that pigs of lower birth weight display below average postnatal development
(Rehfeldt and Kuhn 2006), boars were weighed at birth and included in the experiment if
birth weight was 1.3 kg or greater. Body weights were recorded daily through PND 2.
Pigs were randomly selected to be fed a nutritionally complete commercial pig milk
replacer (Advance Liqui-Wean MSC Specialty Nutrition; Carpentersville, IL, USA) and

housed in a pen adjacent to the sow and littermates.

Experimental design and tissue collection

At birth, crossbred boars were randomly assigned to treatment groups in which
pigs were either: (1) euthanized for tissue collection at birth, prior to nursing (PND 0; n =
7); (2) nursed ad libitum for 48 h (PND 2N; n = 6); or (3) pan-fed milk replacer ad

libitum (PND 2R; n = 6) for 48 h. Figure 1 depicts the experimental design. Boars were
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euthanized and testes were obtained on either PND 0, immediately after birth, or on PND
2 at 50 h of age after nursing or replacer-feeding. Testes were trimmed of associated
tissues and testicular wet weights (mg) were recorded. Each testis was cut in half and
halves were immersed in either RNALater and stored at —80°C, or fixed in Xpress

Universal Molecular fixative (Sakura; Torrance, CA, USA).

Protein extraction and evaluation of P450scc and GATA-4 levels

Whole testicular tissue cross-sections (20 - 50 mg) were homogenized in 200 pL
lysis buffer (1% Triton X-100, 10% glycerol, 150 mM Tris-HCI, 300 mM NaCl, | mM
MgCl,, pH 7.5). Samples were then centrifuged (12,000 g, 4°C) for 15 min. Supernatant
was removed and stored at —80°C. Protein concentration of supernatant was determined
using the DC Protein Assay kit (Bio-Rad Laboratories; Hercules, CA, USA). To evaluate
relative tissue levels of targeted proteins, testicular proteins (20 - 30 pg) were resolved on
12.0% total monomer, Bis-Tris-HCl-buffered polyacrylamide gels under reducing
conditions and transferred onto nitrocellulose membranes (Bio-Rad Laboratories;
Hercules, CA, USA). In addition to sample testicular protein from neonatal boars
representative of each day and treatment, protein isolated from adult porcine ovary was
included on each gel/blot as a positive control for GATA-4 (Gillio-Meina et al. 2003) and
P450scc (Kozlowska et al. 2009). After blocking in 10.0% non-fat dry milk in Tris-
buffered saline containing Tween-20 (TBST; 25 mM Tris (pH 7.5), 0.14 mM NaCl, 3
mM KCl, and 0.05% Tween-20), membranes were probed with either goat anti-mouse
GATA-4 antibody (1:500; sc-1237; Santa Cruz Biotechnology, Santa Cruz, CA, USA),

rabbit anti-rat P450scc antibody (1:2,000; Ab-1244; Millipore, Darmstadt, Germany), or
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goat anti-human actin antibody (1:1,000; sc-1615; Santa Cruz Biotechnology; Santa
Cruz, CA, USA) overnight at 4°C. After washing with TBST, blots were incubated with
either HRP-conjugated rabbit anti-goat secondary antibody (GATA-4/actin; 1:2,000;
Zymed; Carlsbad, CA, USA) or goat anti-rabbit antibody (P450scc; 1:2,000; Life
Technologies; Grand Island; NY; USA) for 1 h at room temperature. Bound antibodies
were detected by chemiluminescence using Renaissance Western Blot
Chemiluminescence Reagent Plus kit (Perkin Elmer Life Sciences; Waltham, MA, USA).
For both GATA-4 and P450scc, antibody specificity was evaluated by omission of the
primary antibodies in western blot analyses. In both cases, substitution of appropriate
secondary antibody (goat anti-rabbit for P450scc; rabbit anti-goat for GATA-4) for
primary antibodies failed to reveal a signal at 53 kDa, indicative of targeted proteins.
Inclusion of primary antibodies produced strong, target-specific signal. Protein loading
was monitored using actin as a reference since the relative abundance of this protein was
not affected by treatment. Chemiluminescence signals were quantified densitometrically

from film using Scion Image for Windows (Scion Corporation, Frederick, MD, USA).

Histology and immunohistochemistry

Porcine testicular tissues fixed in Xpress Universal Molecular fixative were
embedded in Paraplast Plus (VWR; Radnor, PA, USA) and sectioned at 5 um. Three
sections from each animal per treatment group were affixed to SuperFrost plus slides
(Thermo Scientific; Waltham, MA, USA). Sections were deparaffinized, rehydrated, and
subjected to staining with Harris hematoxylin (20 s; Sigma-Aldrich; St. Louis, MO,

USA) and eosin (H&E) solutions (2 min; Thermo Fisher Scientific; Waltham, MA,
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USA). Following H&E staining, all images were captured digitally at 10X and 30X
magnification using an Olympus FSX100 Digital Microscope.

For PCNA and GATA-4 immunohistochemistry, sections were deparaffinized,
rehydrated, and subjected to heat-induced epitope retrieval. Sections were then incubated
overnight at 4°C with either mouse anti-rat PCNA antibody (1:500; clone PC10; Santa
Cruz Biotechnology; Santa Cruz, CA, USA) or goat anti-mouse GATA-4 antibody
(1:200; sc-1237; Santa Cruz Biotechnology; Santa Cruz, CA, USA). Sections
representing all animals from each treatment group were processed together using Vecta-
Stain ABC elite kits (Vector Laboratories; Burlingame, CA, USA). Following incubation
with secondary antibody and ABC reagent, color was developed using 0.1% 3,3'-
Diaminobenzidine substrate (Santa Cruz Biotechnology; Santa Cruz, CA, USA).
Negative controls included substitution of mouse primary antibody isotype IgG (for
PCNA; Zymed; Carlsbad, CA, USA) or goat primary antibody isotype IgG (for GATA-4;
Life Technologies; Grand Island, NY, USA) for primary antibodies as appropriate. All
slides were lightly counterstained using ImmunoMaster hematoxylin (American
MasterTech; Lodi, CA, USA) to allow for identification of Sertoli and germ cell nuclei

within seminiferous tubules.

PCNA labeling index

Following PCNA immunolocalization, two images were taken from two non-
sequential immunostained sections for both testes for every boar (n = 6 - 7 boars/group).
All images were captured digitally at 20X magnification using an Olympus FSX100

Digital Microscope. Images were converted to 8-bit grayscale in Adobe Photoshop and
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analyzed using ImageJ software (National Institutes of Health; http://rsbweb.nih.gov/ij/)
as described elsewhere (Masters et al. 2007). Briefly, nuclei were defined as PCNA-
positive when staining intensity values generated by image analysis were determined to
be within 25% of the highest possible intensity value. PCNA labeling index (LI),
expressed as a percentage, was determined for Sertoli cells in tissues obtained on PND 0
and on PND 2 for both nursed and replacer-fed groups. A minimum of 3000 Sertoli cells
(labeled and unlabeled) were counted for each boar. The number of labeled cells counted
was divided by the total number of cells counted and multiplied by 100 to generate
PCNA LI values. Germ cells, also located within the seminiferous tubules, and Leydig
cells, present in the interstitial compartment, exhibit negligible proliferation during the
period immediately after birth in swine (Franca et al. 2000, McCoard ef al. 2001a).

Consequently, data for Sertoli cell-specific PCNA LI could be obtained confidently.

GATA-4 immunostaining and Sertoli cell number

Following immunolocalization of GATA-4 in Sertoli cell nuclei, two images were
taken from two nonsequential sections for both testes of every boar. These images were
captured digitally at 20X magnification using an Olympus FSX Digital Microscope.
Nuclear diameter values were determined at 70X magnification using the measurement
tool of the Bio-Imaging Navigator software (Olympus; Center Valley, PA, USA). Crude
Sertoli cell counts were obtained based on methods outlined elsewhere (Berndtson et al.
1987, Wreford 1995) using ImagelJ software. Briefly, GATA-4-stained Sertoli cell nuclei
with visible nucleoli were enumerated from a minimum of 120 round seminiferous

tubular (ST) cross sections for each treatment group to obtain a crude count. Average
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nuclear diameter was determined by measuring a minimum of 60 round Sertoli cell nuclei
from each group. Both values were used to calculate true Sertoli cell counts. This was
accomplished by multiplying the crude count by the section thickness and dividing this
value by the section thickness plus the average nuclear diameter (Abercrombie 1946,

Wreford 1995).

RNA isolation, cDNA generation, and quantitative RT-PCR

Total RNA was isolated from 50 - 60 mg of testicular tissue for each sample using
TRI Reagent and the RNeasy Mini kit. Traces of DNA were removed using the RNase-
free DNase Set. The concentration and purity of RNA (260/280 absorbance ratio) were
evaluated by using a Nanodrop spectrophotometer. RNA integrity was checked by
agarose gel electrophoresis and ethidium bromide staining to visualize sharp, clear 28S
and 18S rRNA bands. Reverse transcription was performed with 500 ng total RNA per
sample using the PTC-200 Peltier Thermal Cycler (Bio-Rad Laboratories Inc.; Hercules,
CA, USA) and SuperScript III First-Strand Synthesis System for RT-PCR. All
procedures were carried out following manufacturer’s instructions. Quantitative RT-PCR
(qPCR) was performed using an Applied Biosystems StepOne Plus System (Applied
Biosystems/Life Technologies; Grand Island, NY, USA) with the SYBR Green method
and universal thermal cycling parameters (40 cycles) indicated by the manufacturer.
Primers for qPCR were designed using Primer Express Software (Applied
Biosystems/Life Technologies; Grand Island, NY, USA) and synthesized by Sigma
Aldrich. All primer sequences were directed to the porcine genome (Table 1). To ensure

specific amplification, controls including water only, no primers, and no template were
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included in the assays. The quality of primers was evaluated by amplifying serial
dilutions of the cDNA template. In addition, dissociation curves for each set of primers
were checked to ensure no amplicon-independent amplification.

Data were analyzed using the AACt method for quantification of gene expression
for ESR1, VEGFA, and RXFP] as described by Applied Biosystems (ABI User Bulletin
2,2001). The AACt method of analysis uses the Cr values (the cycle number at which the
fluorescent signal crosses the threshold) of the samples with a control or calibrator
sample (Livak and Schmittgen 2001). The Cr values of the samples and calibrator are
then normalized to an appropriate endogenous reference gene (here cyclophilin). The
AACt method was used since the amplification efficiencies for the target genes (ESRI,
VEGFA, and RXFP1) were similar to the efficiency determined for cyclophilin, the
endogenous control (ABI User Bulletin 2, 2001). Data for INSL3 were analyzed
following the standard curve method for quantification of gene expression as described
by Applied Biosystems (ABI User Bulletin 2, 2001). This method of analysis was used
because /NSL3 amplification efficiency differed from that determined for cyclophilin
(ABI User Bulletin 2, 2001). Data from all qPCR analyses are presented as relative

mRNA units.

Statistical analysis

Data were subjected to ANOVA using general linear model procedures available
with SAS (SAS 2009-2010). Statistical models for all quantitative data, generated by
immunoblotting, immunohistochemistry, and qPCR, used preplanned contrasts and

considered main effects of treatment (nursing versus replacer) and postnatal age (PND 0
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versus PND 2 nursed boars) using a two-way ANOVA. Error terms were identified based
upon expectations of the mean squares for error. Data were analyzed for normality using
the Shapiro-Wilks test. In any instance where data were determined not to be normally
distributed, the non-parametric Kruskal-Wallis test was employed. In all cases, identical
results were obtained regardless of statistical procedures used (ANOVA vs non-
parametric). Pearson correlation coefficients were determined for data obtained on PND
2. Graphs of raw data for PND 2 supported correlation relationships presented below.

Results are expressed as least squares means (LSM) with S.E.M.
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RESULTS
Testicular weights and histology
Testicular weights were similar for all treatment groups (PND 0: 674 mg/kg BW;
PND 2N: 566 mg/kg BW; PND 2R: 563 mg/kg BW, + 90 mg/kg BW). Testes appeared
normal histologically, with seminiferous tubules, interstitium, Sertoli, Leydig and germ
cells all readily identifiable. No differences in testicular histology associated with age or
nursing were observed (data not shown). Images depicting a typical testicular cross

section obtained from a nursed boar on PND 2 are shown (Figure 2A, B).

Effects of age and nursing on PCNA LI in neonatal porcine Sertoli cells
Photomicrographs depicting effects of age and nursing on patterns of PCNA
immunostaining and related data for Sertoli cell PCNA LI are shown in Figure 3.
Nuclear, PCNA-positive staining was observed in Sertoli cells across all age and
treatment groups (Figure 3A). Sertoli cell PCNA LI increased (P < 0.01) from birth to

PND 2 in nursed, but not in replacer-fed boars (Figure 3B).

Effects of age and nursing on neonatal testicular GATA-4 protein and Sertoli cell
number

Results of protein expression analyses for testicular GATA-4 are presented in
Figure 4. An immunoreactive 53 kDa protein band, corresponding in size to GATA-4
(Gillio-Meina et al. 2003, Bosse et al. 2006) and identified in positive control tissue
extract (adult porcine ovary), was observed in testes from all categories (Figure 4A). The

GATA-4 signal increased (P < 0.01) from birth to PND 2 in nursed, but not in replacer-
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fed boars (Figure 4B). Typical Sertoli cell immunostaining for GATA-4 and data for
Sertoli cell number are presented in Figure 5. Nuclear immunostaining for GATA-4 was
localized to Sertoli cells (Figure 5A). Consistent with results for GATA-4 expression
(Figure 4), the number of Sertoli cells per seminiferous tubule cross section increased (P
< 0.01) from birth to PND 2 only in nursed boars (Figure 5B). The PCNA LI was
positively correlated with both testicular GATA-4 levels (r = 0.84, P < 0.01) and Sertoli

cell number (r = 0.59, P <0.04) on PND 2.

Effect of age and nursing on neonatal testicular INSL3 and P450scc levels

Results of gene and protein expression analyses indicative of Leydig cell
development and activity are presented in Figure 6. Testicular INSL3 expression was
detected in all three treatment groups (Figure 6A). Relative testicular /NSL3 expression
was not affected by age or nursing. On PND 2, INSL3 levels were positively correlated
with Sertoli cell number (r = 0.62, P < 0.03). Results of protein expression analyses for
P450scc are presented in Figure 6B,C. Signal indicative of testicular P450scc (53 kDa)
was detected in positive control tissue (adult porcine ovary) and in tissues from all boars
regardless of age or nursing status. On PND 2, P450scc levels were positively correlated

with GATA-4 levels (r = 0.69, P <0.01) and PCNA LI (r =0.68, P <0.02).

Effects of nursing on neonatal testicular ESRI, VEGFA, and RXFP1 expression
Results of qPCR analyses for testicular ESRI, VEGFA, and RXFPI expression are
depicted in Figure 7. Data are expressed in relative mRNA units. Testicular ESR/ and

VEGFA expression was unaffected by age or nursing status (Figure 7A, B). In contrast,
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RXFPI expression increased (P < 0.01) markedly from birth to PND 2 only in replacer-
fed boars (Figure 7C). On PND 2, a negative correlation was identified between RXFPI

levels and Sertoli cell number (r =-0.67, P < 0.02).
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DISCUSSION

Results of the current study suggest that lactocrine-mediated events occurring
shortly after birth support the porcine testicular developmental program by PND 2. More
specifically, aspects of Sertoli cell development may be influenced by nursing as
indicated by treatment effects on PCNA LI, GATA-4 protein expression, and Sertoli cell
counts. Additionally, results suggest that testicular RXF'PI expression is lactocrine-
sensitive. Thus, results suggest that testicular development in the neonatal boar is
influenced by nursing from birth.

Data indicating that testicular wet weights were unaffected by either age or
nursing on PND 2 supports the idea that porcine testicular growth is negligible within 50
h of birth. Testicular histology was not affected overtly by age or treatment by PND 2
(data not shown) and resembled that described in other reports (Avelar ez al. 2010, Lee et
al. 2013).

Data for PCNA LI, indicative of cell proliferation (Iatropoulos and Williams
1996), revealed both age and treatment effects on Sertoli cells at PND 2. In contrast to
reports for rats (Orth 1982) and mice (Kluin ef al. 1984), in which Sertoli cell
proliferation is maximal during the late fetal period, proliferation of Sertoli cells in pigs is
greatest between birth and PND 14 (McCoard ef al. 2001a). Patterns of Sertoli cell
proliferation during this period can define testicular size in adult pigs (McCoard ef al.
2001a). Whether nursing from birth affects Sertoli cell proliferation positively beyond
PND 2 remains to be determined.

Trophic effects of both age and nursing on Sertoli cell number were identified.

The GATA family of peptides are zinc finger transcription factors that regulate gene
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expression, differentiation, and cell proliferation (Orkin 1992). Used here as a marker for
enumeration of Sertoli cells (McCoard et al. 2001a), GATA-4 may also affect Sertoli cell
development (Orth 1982, Yagi et al. 2007). Expression of GATA-4 is hormone sensitive.
Reducing endogenous estrogen synthesis increased GATA-4 expression and Sertoli cell
number at 2 mo of age in boars (At-Taras et al. 2006). Present results indicate that ESR/
expression in the neonatal porcine testis is not influenced by age or nursing. Positive
relationships documented here between Sertoli cell number, PCNA LI, and testicular
GATA-4 levels are consistent with the idea that GATA-4 expression could support as
well as reflect development of neonatal porcine seminiferous epithelium.

In contrast to observations for rodents, Leydig cells in pigs and humans undergo
three distinct phases of development (Van Straaten and Wensing 1978, Bay ef al. 2007).
In humans, Leydig cell development is characterized by high levels of INSL3 expression
(Bay et al. 2007), indicative of both cell differentiation and cell number (Ivell ez al.
2013). Recently, INSL3 was localized to porcine Leydig cells (Minagawa et al. 2012).
Present results indicate that neonatal testicular /NSL3 expression is not sensitive to age or
nursing effects. However, Leydig cell growth, number, and function can be affected by
signals originating from Sertoli cells (Russell et al. 2001). Thus, given the effects of
nursing on Sertoli cells reported here, disruption of lactocrine signaling may also alter
Sertoli-Leydig cell interactions that are not apparent until later in life. The positive
correlation (r = 0.62, P < 0.03) identified between /NSL3 expression and Sertoli cell
number is broadly consistent with this hypothesis.

Leydig cells, located in the interstitial space, are the primary site of expression of

steroidogenic enzymes and serve as the main source of testicular androgen and estrogen
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production (Choi et al. 2009). Steroidogenesis begins with the conversion of cholesterol
to pregnenolone, a process catalyzed by P450scc (Choi ef al. 2009). Here, testicular
P450scc was detected, although relative levels of the protein were not affected by age or
nursing. However, the fact that both Sertoli cell proliferation and cell numbers were
reduced on PND 2 in replacer-fed boars, and that neonatal seminiferous epithelial
development is steroid hormone sensitive (At-Taras et al. 2006, Ramesh et al. 2007),
suggests that closer evaluation of lactocrine effects on the expression of enzymes
regulating testicular steroidogenesis is warranted. Positive correlations identified between
P450scc, PCNA LI, and GATA-4 levels are consistent with the idea that steroidogenic
activity supports development of the seminiferous epithelium.

The lactocrine hypothesis was proposed to describe a feed-forward mechanism in
which milk-borne bioactive factors, exemplified by the hormone relaxin (RLX), might
support expression of mediators of porcine reproductive tract development including
ESR1, VEGFA, and RXFP1 (Bartol et al. 2009). Although ESR1 and VEGFA support
testicular development and adult fertility (Hess 2003, Bott et al. 2006, Gould et al. 2007,
Caires et al. 2009), neither age nor nursing affected their expression at PND 2. Still,
effects induced by feeding replacer from birth may be cryptic and observed later in
neonatal life, as reported for the porcine endometrium (Miller ef al. 2013). In contrast,
testicular RXFPI expression was increased in replacer-fed boars on PND 2. This may be
explained, in part, by the fact that RLX is present in porcine colostrum and in the
circulation of nursed but not in that of replacer-fed gilts (Yan ef al. 2006, Frankshun et al.
2010). Relaxin decreased RXFPI expression in porcine cervix and uterus (Yan ef al.

2008, Chen et al. 2011). Thus, eliminating milk-borne RLX via replacer-feeding may
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remove an inhibitor of RXFP1 expression in the neonatal porcine testis and compromise
development of seminiferous epithelium. Consistently, a negative correlation (r = -0.67,
P <0.02) was identified between RXFP1 levels and Sertoli cell number. This
observation, taken together with evidence indicating that RLX increases Sertoli cell
proliferation in vitro (Cardoso et al. 2010), supports present results indicating increased
Sertoli cell proliferation and cell numbers in nursed as compared to replacer-fed boars on
PND 2.

The idea that maternal programming of development in the neonate involves the
transmission of information from mother to offspring in milk is receiving increased
attention (Neville ef al. 2012). Evidence that, as compared to breast-fed human infants,
formula-feeding is associated with reduced testis volume by four months of age (Gilchrist
et al. 2010) suggests that nursing supports testis development in humans. Here, data
reinforce this idea with evidence implicating a lactocrine-driven mechanism that may
support establishment of a normal testicular developmental program in pigs. Although
present results suggest that nursing supports neonatal testicular development, other
factors should be considered. These include potential effects of stress associated with
removal of piglets from their litters and dams, and/or pan-feeding. The extent to which
such behavioral and environmental factors may affect lactocrine-sensitive developmental

events remains to be determined.
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Gene Accession #

Forward primer

Reverse primer

INSL3 X68369.1

ESRI AF035775
VEGFA AF318502
RXFPI CA994862

cyclophilin  AU058466

TACAGTGGCTGGAAGG
ACAA
AGGGAGAGGAGTTTGT
GTG
AAGATCCGCAGACGTG
TAAA
GCATCACTTTGAGGCA
GAGACA
TTATAAAGGTTCCTGCT
TTCACAGAA

TGGTGGTGATGGCC
AGAG
TCTCCAGCAGCAGG
TCATAG
CACATCTGCAAGTA
CGTTCG
CCTCGGCAAAGACA
TTGCAT
TGCCATTATGGCGT
GTGAAG

Table 1. Porcine gene accession numbers and primer sequences for targeted testicular

genes.
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Figure 1. Experimental design. Boars were assigned at birth (PND 0) to either nurse ad

libitum (N) or to receive milk replacer by pan-feeding (R). Testes were collected on PND

0 or PND 2, as indicated by asterisks.
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Figure 2. Neonatal porcine testicular histology at PND 2. (A) Low-maginification image
of H&E stained testis identifying seminiferous tubules (ST) and interstitial tissue (IT).
Bar indicates 64 pm. (B) High-magnification image of H&E stained testis identifying
seminiferous tubules (ST), germ cells (GC), Sertoli cells (SC), and Leydig cells (LC). Bar

indicates 21 pm.
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Figure 3. Effects of age and nursing on neonatal Sertoli cell PCNA immunostaining and
PCNA LI (A) Representative PCNA immunostaing of testicular sections from PND 0,
PND 2N (nursed) and PND 2R (replacer-fed) are shown. Bars indicate 32 pm. SC=
Sertoli cell. (B) PCNA LI (%) data are presented as LSM + S.E.M. Different letters

indicate differences at P < 0.01.
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Figure 4. Effects of age and nursing on neonatal porcine testicular GATA-4 protein
expression and Sertoli cell number. (A) Representative immunoblot for GATA-4 on PND
0, PND 2 N (nursed) and PND 2 R (replacer-fed) testicular protein. Positive control (+),
adult pig ovary. (B) Densitometric data for relative expression of GATA-4 protein in
relation to actin presented as LSM + S.E.M. Different letters indicate differences at P <

0.01.
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Figure 5. Effects of age and nursing on neonatal porcine Sertoli cell number. (A) Image

showing GATA-4 immunostaining of Sertoli cell nuclei. Bar indicates 43 pm. SC=

Sertoli cell. (B) Number of Sertoli cells per seminiferous tubule (ST) cross section

presented as LSM + S.E.M. Different letters indicate differences at P < 0.01.
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Figure 6. Effects of age and nursing on porcine testicular /NSL3 expression and P450scc

protein. (A) Data for INSL3 were normalized to cyclophilin expression and presented as

LSM + S.E.M. (B) Representative immunoblot for expression of P450scc is shown.

Positive control (+), adult pig ovary. (C) Densitometric data for relative expression of

P450scc in relation to actin presented as LSM + S.E.M. No effects of age or nursing

were identified for /NSL3 or P450scc expression.
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Figure 7. Effects of age and nursing on porcine testicular expression of: (A) ESR1, (B)

VEGFA, and (C) RXFPI transcripts as determined by qPCR. Data were normalized to

cyclophilin expression and are presented as LSM + S.E.M. Different letters indicate

differences at P < 0.01.
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DISSERTATION CONCLUSIONS

Milk-borne bioactive factors are delivered to nursing offspring via a lactocrine
mechanism to affect development of somatic tissues, including the neonatal porcine
uterus (Miller ez al. 2013). Results of experiments described in this dissertation extend
the scope of the lactocrine hypothesis to: (1) include effects of the lactocrine-null state on
global uterine gene expression; (2) provide preliminary evidence implicating IGF-I as a
lactocrine-acting factor; and (3) include effects of the lactocrine-null state on aspects of
neonatal porcine testicular development. Results provide a foundation upon which future
studies aimed at testing the lactocrine hypothesis can be built.

Miller and colleagues (2013) reported that imposition of the lactocrine-null state
from birth was associated with cell compartment-specific changes in expression patterns
for ESR1 and other genes implicated in endometrial adenogenesis that were evident as
early as PND 2. Results of the study outlined in Chapter II provide support for the
lactocrine hypothesis and revealed hundreds of novel, differentially expressed genes and
pathways that may prove to be important regulators of neonatal porcine uterine
development. Further, data provide compelling evidence that maternal effects on tissue
development extend into neonatal life via a lactocrine mechanism. The role of early
nutrition and its effects on developmental programming is receiving increasing attention
(Khan et al. 2005, Neville et al. 2012, Liu et al. 2014). Data presented here provide the
first evidence of global, lactocrine-driven effects on the neonatal uterine transcriptome.
Results will call attention to the importance of both early nutrition and lactocrine

signaling on developmental programming of neonatal tissues.
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Previous studies established RLX as a prototypical, lactocrine-acting hormone in
the neonatal pig (Yan ef al. 2006, Frankshun et al. 2010). However, it is well known that
many other potentially bioactive factors are found in milk (Grosvenor 1992, Donovan
and Odle 1994, Playford et al. 2000), including IGF-I (Simmen et al. 1988). Data
presented in Chapter III showed that positive effects of a single dose of 0 h lactation
colostrum on uterine epithelial and stromal cell proliferation were detectable at 12 h after
birth. This observation is important because it established that lactocrine-effects on
neonatal uterine development occur rapidly. Practically, this single observation can be
used to frame a bioassay protocol for identification of lactocrine-active MbFs that can be
completed within 12 h.

Results indicating that oral IGF-I increased endometrial cell proliferation only
when administered in milk replacer was both unexpected and intriguing. This
observation indicates that MbF bioavailability and/or bioactivity may be regulated by
factors unique to colostrum that are yet to be identified. Amendments to human infant
formulas (Hernell 2011), designed to enhance development of the newborn (Tai ef al.
2013), include addition of bioactive factors such as docosahexaenic acid (Bentley et al.
2008) and arachidonic acid. Such additives may be particularly important, especially in
premature infants. This is supported by evidence suggesting that DHA supplementation
in formula fed premature infants improved neurologic development (Lapillonne et al.
2013). Present results support the idea that composition of the liquid medium (formula)
should be considered carefully when designing infant formulas in order to optimize

bioavailability of important MbFs.
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To date, studies testing the lactocrine hypothesis have focused on female
reproductive tract development (Chen et al. 2010, Frankshun ef al. 2012, Miller et al.
2013). However, whether male reproductive tissues are affected by nursing had not been
investigated until now. Research presented in Chapter IV provides evidence indicating
that neonatal porcine testicular development is sensitive to lactocrine signaling by PND
2. More specifically, Sertoli cell proliferation and number were increased in nursed
compared to newborn and replacer-fed boars. This is particularly important considering
that Sertoli cell number dictates testis size and capacity to produce sperm later in life
(McCoard et al. 2001). If these effects persist into adulthood, it may well be that nursed
boars demonstrate greater reproductive capacity compared to replacer-fed littermates.
Given that the commercial swine industry is substantially dependent upon artificial
insemination (Robinson and Buhr 2005), results of research described here have great
potential to impact commercial pig production. Currently, boars are selected for growth
and carcass characteristics, however it is semen quantity and quality that affect the
number of inseminations that can be obtained from a single ejaculate (Flowers 2008).
Present results indicate that colostrum intake has the potential to be an important effector
of semen quality and breeding soundness later in life. It will be important to determine
the extent to which colostrum consumption affects semen quality, and whether husbandry
guidelines for development of male breeding stock should include assessment of neonatal
colostrum consumption.

Future studies should focus on analysis of lactocrine-sensitive biological
processes and pathways affected by nursing in the neonatal porcine uterus as revealed

using RNAseq. Results described herein also implicate IGF-I as a potential lactocrine-
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active factor affecting uterine development. To confirm this, additional studies should be
designed to determine if IGF-I: (1) is detectable in the circulation of nursed gilts at higher
concentrations compared to animals fed IGF-I free milk replacer; (2) has receptors
present in the neonatal porcine uterus; and (3) is lactocrine active in the neonate. The
shorter, more efficient 12 h postnatal bioassay establish here should facilitate evaluation
of different fractions of colostrum in order to identify MbFs that support porcine neonatal
reproductive tract development. Finally, whether the alterations in testicular development
identified at PND 2 in lactocrine-null piglets persist into adulthood and affect breeding
soundness in boars is unknown and deserves attention.

Taken together, results presented in this dissertation provide additional support
for the lactocrine hypothesis, providing clear evidence of maternal lactocrine-driven
effects on reproductive development in the neonatal pig. Results indicate that nursing
from birth has a global effect on the neonatal porcine uterine transcriptome by PND 2 and
set the stage for additional studies designed to define which MbFs are responsible for
developmental changes observed in response to nursing. Furthermore, results have
expanded the scope of the lactocrine hypothesis to include males as well as females.
Considering that all mammals nurse their young these and future studies will serve to
underscore the importance and elucidate the mechanism of lactocrine signaling in support

of reproductive development.
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