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Milk production by the sow is a major factor limiting the growth and survival of her litter. Understanding the process of
morphogenesis of the sow’s mammary gland and the factors that regulate mammary development are important for designing
successful management tools that may enhance milk production. Primordia of the mammary glands are first observable in the
porcine embryo at approximately 23 days of gestation. The glands then progress through a series of morphologically distinct
developmental stages such that, at birth, each mammary gland is composed of the teat, an organized fat pad and two separate
lactiferous ducts each with a few ducts branching into the fat pad. The glands continue to grow slowly until about 90 days of age
when the rate of growth increases significantly. The increased rate of mammary gland growth coincides with the appearance of
large ovarian follicles and an increase in circulating estrogen. After puberty, the continued growth of the gland and elongation and
branching of the duct system into the fat pad takes place in response to the elevated levels of estrogen occurring as part of the
estrous cycles. After conception, parenchymal mass of each gland increases slowly during early pregnancy and then grows
increasingly rapidly during the final trimester. This growth is in response to estrogen, progesterone, prolactin and relaxin.
Lobuloalveolar development occurs primarily during late pregnancy. By parturition, the fat pad of the mammary gland has been
replaced by colostrum-secreting epithelial cells that line the lumen of the alveoli, lobules and small ducts. All mammary glands
develop during pregnancy, however, the extent of development is dependent on the location of the mammary gland on the sow’s
underline. The mammary glands undergo significant functional differentiation immediately before and after farrowing with the
formation of colostrum and the transition through the stages of lactogenesis. Further growth of the glands during lactation is
stimulated by milk removal. Individual glands may grow or transiently regress in response to the intensity of suckling during the
initial days postpartum. Attempts to enhance milk production by manipulation of mammary development at stages before lactation
generally have met with limited success. A more in depth understanding of the processes regulating porcine mammary gland
morphogenesis at all stages of development is needed to make further progress.
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Implications

The sow’s milk production is a major limiting factor con-
tributing to suboptimal growth and survival of the piglet.
Implementation of management programs that enhance
mammary development early in the sow’s life may enhance
subsequent lactation productivity. Mammary development
starts in the early embryo and continues through a series of
stages up to and through lactation. The rate of mammary
growth is accelerated during several of these stages, offering
an opportunity to manipulate the factors controlling this
growth. Knowledge of the process of mammogenesis in
swine is essential for designing programs aimed at increasing
the sow’s ability to provide for her piglets.

Introduction

Milk production by the sow is a major limiting factor con-
tributing to suboptimal growth and survival of her piglets
(Boyd and Kensinger, 1998). The sow is not able to provide
sufficient milk to achieve optimal piglet growth. Piglets
raised on the sow have lower weaning weights than those
provided with ad libitum access to nutrients (Harrell et al.,
1993). Providing supplemental milk to piglets sucking the
sow increases litter weaning weights (Miller et al., 2012).
The limitations of sow milk production are further com-
pounded by the use of hyperprolific sows that have been
selected for larger litter size, without an accompanying
increase in milk production (Silalahi et al., 2017). There is a
significant correlation between growth of a piglet and the
mass and DNA of the individual gland that the piglet suckles† E-mail: wlhurley@illinois.edu
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(Kim et al., 2000; Nielsen et al., 2001). This relationship
underscores the importance of understanding the process of
mammogenesis in swine. The current review provides an
overview of the process of mammary gland development
from the first rudiments of the mammary gland in the embryo
through several developmental stages leading to early lac-
tation. Mammary gland development during lactation and
after weaning is reviewed by Farmer (2019).

Fetal mammary gland development

Prenatal morphogenesis of the mouse and rabbit mammary
glands have been studied extensively and can be described
with relative precision (Propper et al., 2013). Considerably
fewer details of the embryonic and fetal development of the
porcine mammary gland have been reported. The available
literature indicates that the mammary gland of the piglet
undergoes a similar sequence of morphological changes as
does the mouse. The morphological development of the
piglet mammary gland is a continuous process through
the prenatal stages, where the transition from one stage to
the next occurs over a period of days. As such, there is con-
siderable variation in the day of gestation reported for the
observations of each developmental stage.
The developing mammary gland is referred to as the

mammary primordium during the embryonic phase. Alter-
native names are mammary anlage or mammary rudiment
(Propper et al., 2013). The first recognizable structure in the
sequence of mammary gland development is the mammary
line, characterized by a thickening of the single layer of
ectodermal cells extending from the base of the forelimb to
the inguinal region, and lying lateral to the ventral mid-line
(Turner, 1952). The mammary line is first recognizable at
about 20 to 25 days of gestation (Turner, 1952; Marrable,
1971), which is shortly after implantation. Formation of the
individual mammary primordia, called placodes, is recog-
nized in the mouse as elliptical pseudostratified multilayered
structures within the single-layered ectoderm of the mam-
mary line (Propper et al., 2013). The placode stage has not
been specifically identified in the piglet embryo, although
similar structures were identified as a series of connected
epithelial plaques along the mammary line at about 26 days
of gestation (Marrable, 1971).
Ectodermal cells are drawn into the expanding mammary

primordia as the cell mass continues to expand deeper into
the mesoderm. This leads to the formation of the transitory
hemispherical hillock stage. Continued sinking of the ecto-
dermal mass into the mesoderm results in formation of a
spherical or elongated spherical mass of ectodermal cells
called the mammary bud, observed at 28 to 45 days of
gestation. The mammary bud stage marks a critical point in
the development of the mammary gland. For example, the
mesodermal cells surrounding the bud begin to organize into
concentric layers adjacent to the bud, forming what is
referred to in the mouse as the primary mammary
mesenchyme (Propper et al., 2013). Early drawings of the

piglet mammary bud also include the recognition of this type
of orientation of mesenchymal cells adjacent to the mam-
mary bud (Turner, 1952). The next stage of mammary
development in the mouse occurs when the core of ecto-
dermal cells sinks further into the mesoderm developing a
narrowed neck resulting in a structure referred to as the bulb
stage in mice (Propper et al., 2013). Morphological descrip-
tions of porcine embryonic mammary development do not
specifically identify a bulb stage, however, the developing
gland may indeed progress through a similar stage as
observed in mice.
The piglet reaches the status of fetus at approximately

36 days of gestation, when the main body systems have
differentiated structurally and when sexual dimorphism is
externally apparent (Marrable, 1971). The period between 36
and 55 days of gestation is considered as an allometric
developmental phase, when the gland is developing at a rate
faster than the fetus as a whole. Part of this phase includes
the gradual ventral movement of the mammary primordia
until they reach the mid-ventral line on either side of the
fetus (Marrable, 1971). The next phases of porcine mammary
development coincide with this allometric development and
include the formation of a primary sprout emanating from
the bud or bulb and the initial formation of the teat. These
phases occur concurrently at approximately 40 to 60 days of
gestation (Turner, 1952). The primary sprout is formed as an
elongation of the distal end of the bud or bulb sinking further
into the underlying mesenchyme. The teat is formed by the
outward growth of the mesenchyme around the neck of the
bulb. Two sprouts then branch off from the primary sprout
and grow deeper into the mesenchyme (Turner, 1952). These
will form the two lactiferous canals, each ultimately forming
a separate milk producing gland (Hughes and Varley, 1980).
The teat continues to form while the sprouts start branching
to form a ductal tree. Canalization (formation of the lumen)
of the primary sprout begins at approximately 85 days of
gestation and starts to form the lumen of the ductal tree and
lactiferous ducts. The mammary structures continue to grow
throughout the remainder of gestation. The major structural
elements of the mammary gland are formed by the time the
piglet is born except for the secretory lobuloalveolar tissue.

Prepubertal mammary gland development

At birth, each mammary gland of the piglet is composed of
the teat including the thick connective tissue base of the teat,
an organized fat pad of adipose lobules and connective tis-
sue, two lactiferous ducts, and a few ducts branching into
the fat pad. These structures continue to grow during the
period between birth and puberty. Growth of the par-
enchymal tissue is responsive to several factors during this
period, including mammogenic hormones and nutrition.
Understanding and manipulation of this tissue responsive-
ness is the rationale for much of the research conducted on
mammary development during the prepubertal period
in swine.
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Mammary gland tissue appears to be responsive to
mammogenic hormones in the peripartal period. For exam-
ple, female offspring born to sows fed zearalenone
throughout gestation have signs of hyperestrogenism by
1 week after birth, including swollen vulva and early devel-
opment of the mammary glands (Chang et al., 1979). Zear-
alenone is a mycotoxin with potent estrogenic activity. It is
unclear from that study whether the precocious mammary
development occurred before birth or while suckling the
treated sows. Interestingly, Sorensen et al. (2002) observed a
high proportion of dividing epithelial cells in a 5-day-old gilt.
The possibility that the physiological environment experi-
enced by the mammary gland of the pig early in the pre-
weaning period may affect gland development later in the
animal’s life deserves greater attention.
In the absence of external stimuli, growth of mammary

gland parenchyma and fat pad is normally slow until about
90 days of age (Sorensen et al., 2002). Thereafter, tissue
growth increases rapidly until the time of puberty. Rate of
accumulation of mammary wet weight increases by more
than fivefold and DNA per gland increases nearly fourfold
after day 90 compared with those rates before day 90 of age.
This phase of rapid mammary gland growth occurs con-
currently with an increase in circulating estrogen. The phase
of rapid growth also coincides with increasing ovarian wet
weight and number and size of ovarian follicles occurring
after 70 days of age and continuing through puberty (Dyck
and Swierstra, 1983). Urinary excretion of estrone increases
during the period between about 96 and 154 days of age,
then reaches a plateau that continues until shortly before the
first estrus (Camous et al., 1985).
A number of studies have used plant-derived components

that are considered to have estrogenic activity in order to
enhance mammary gland development in prepubertal gilts
(reviewed by Farmer, 2013; Farmer and Hurley, 2015). Flax-
seed is a rich source of secoisolariciresinol diglycoside, the
immediate precursor of the mammalian lignans, enterolactone
and enterodiol, which can have estrogenic activity. Feeding
flaxseed to gilts from 88 days of age through puberty results in
changes in fatty acid profiles, however, has no effect on cir-
culating estradiol or prolactin, nor any effect on mammary
development. Expression of several genes involved in mam-
mary epithelial cell proliferation also is not affected by flax-
seed treatment. Interestingly, pubertal gilts whose dams are
fed a flaxseed-supplemented diet during late gestation and
lactation have greater parenchymal protein and tend to have
greater parenchymal weight compared with gilts whose dams
receive a control diet. Supplementation of diets with the soy
phytoestrogen, genistein, starting at 90 days of age through
day 183 results in increased parenchymal DNA, but has no
effect on expression of mammary growth factor receptor
genes or circulating concentrations of prolactin, estradiol,
progesterone or IGF-1. Overall, feeding these weak estrogens
to gilts during the prepubertal period has met with limited
success in enhancing mammary gland growth.
Prolactin is another mammogenic hormone that affects

mammary development in the prepubertal period. Plasma

prolactin concentrations are elevated during the initial
month after birth, decline after weaning and then slowly
increase to reach constant levels for the remainder of the
prepubertal period (13 to 15 ng/ml; Camous et al., 1985).
Administration of recombinant porcine prolactin to pre-
pubertal gilts from approximately 141 days (75 kg BW) to
170 days of age increases circulating levels of that hormone
in a dose-dependent manner (Farmer and Palin, 2005). This
period coincides with the middle portion of the pre-pubertal
increase in growth rate of the mammary tissue (Sorensen
et al., 2002). Mammary development is stimulated by pro-
lactin treatment, as indicated histologically by the presence
of distended alveolar and ductal lumina and the presence of
secretory contents in the lumen (McLaughlin et al., 1997).
Mammary parenchymal weight, parenchymal protein and
DNA percentages, and total protein and DNA contents at day
170 of age are each increased and fat percentage decreased
by prolactin treatment (Farmer and Palin, 2005). The level of
messenger RNA for prolactin is decreased in both mammary
parenchymal tissue and the anterior pituitary (Farmer and
Palin, 2005). Level of messenger RNA for prolactin receptor
in the anterior pituitary is not affected by prolactin treat-
ment, whereas mammary parenchymal prolactin receptor
messenger RNA is increased in prolactin-treated gilts.
Mammary tissue levels of messenger RNA for signal trans-
ducer and activator of transduction 5A and 5B (STAT5A and
STAT5B, respectively) are significantly increased in prolactin-
treated gilts (Farmer and Palin, 2005). Extra-parenchymal
tissue is unaffected by prolactin treatment. Neither of these
studies administering exogenous prolactin observed a dif-
ferential effect of prolactin dose, suggesting that even low
doses of prolactin may be sufficient to enhance mammary
development at this stage.
Several studies explored the effects of feeding regimens

during the early and late prepubertal period in swine, as
reviewed in Farmer (2013) and Farmer and Hurley (2015).
Feeding regimens that include alternating phases of moder-
ate (restricted) and maximal growth rates during the pre-
pubertal period can negatively affect subsequent growth of
mammary gland parenchymal tissue in the late stages of
pregnancy. Mammary gland development during the early
prepubertal period (birth to day 90 of age) does not appear
to be impacted by feed restriction compared with ad libitum
feeding. In contrast, several studies have demonstrated that
ad libitum feeding during the later prepubertal period (day
90 of age to puberty) results in greater total mammary gland
weight, but in a lower concentration of total tissue DNA.
Results from these studies confirm that restrictive feeding
during the later prepubertal period also restricts develop-
ment of mammary parenchymal and extraparenchymal tis-
sues. Furthermore, cycles of dietary restriction of gilts
followed by over-allowance from the mid-prepubertal period
through puberty also results in decreased parenchymal tissue
at puberty. This negative effect on parenchymal development
appears to carry over to the late stages of pregnancy. In spite
of this effect on mammary parenchymal growth, there is no
effect of the prepubertal restriction/over-allowance feeding
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regime on the growth rate of piglets suckling the treated
sows. Dietary protein level fed during the period from day 90
of age to the first or second estrus also does not affect
mammary development.

Postpubertal mammary gland development

The continued growth of the gland and elongation and
branching of the duct system within the fat pad occurs after
puberty in response to changing levels of hormones asso-
ciated with the reproductive cycles, especially repeated
cycles of increased estrogen. Research on the postpubertal
stage of mammary development in the gilt is more limited
than that for the prepubertal period. Most gilts that are to be
used for reproductive purposes are bred shortly after reach-
ing puberty. As a consequence, they undergo only a limited
number of estrous cycles. Cycling gilts, as indicated by the
presence of corpora lutea at slaughter, do have more total
mammary DNA and RNA (parenchymal plus extra-
parenchymal tissue) than non-cycling gilts. This observation
is consistent with estrogen-stimulated ductal growth and
elongation into the mammary fat pad (Sorensen et al., 2006).
Gilts in estrus seem to have a higher proportion of mammary
gland cells undergoing division than those in diestrus
(Sorensen et al., 2002).
Administration of estrogen or progesterone for 3 days to

intact 5-month-old Yucatan miniature gilts has no effect on
the histological density of terminal ductal lobular units
(TDLU) nor the relative stage of TDLU development (Horigan
et al., 2009). Estrogen administration does increase the
occurrence of terminal buds in mammary tissue. Terminal
buds are capped structures observed at the end of elongating
ducts or blind ended structures at the end of ductules within
the TDLU (Horigan et al., 2009). Endogenous sources of the
reproductive hormones need to be removed in order to study
their effects on mammary development in virgin gilts. Ovar-
iectomy is often used to remove the primary endogenous
source of estrogen. Treatment with a dopamine agonist, such
as 2-bromo-α-ergocryptine (bromocriptine), is often used to
induce hypoprolactinemia, thus limiting the effects of endo-
genous prolactin. Treatment of ovariectomized virgin gilts
with combinations of estrogen and/or progesterone and
receiving bromocriptine or haloperidol (a dopamine antago-
nist; inducing hyperprolactinemia) provides an experimental
model for the study of the interactions of mammogenic
hormones on mammary development (Horigan et al., 2009).
Ovariectomy with or without bromocriptine leads to regres-
sion of the mammary parenchymal structures. Treatment
with bromocriptine alone inhibits formation of terminal buds
and all TDLU compared with saline controls. Progesterone
with or without haloperidol has no obvious effect compared
with controls. Treatment with estrogen in all combinations of
bromocriptine, haloperidol and progesterone results in a shift
of TDLU development with fewer observed TDLU1 and more
of the advanced TDLU2 stage structures. Estrogen plus
haloperidol was found to be necessary to further shift the

TDLU development to the third, more developed stage
(Horigan et al., 2009), suggesting a synergy between estro-
gen and prolactin.
Administration of combinations of progesterone, estrogen

and/or relaxin to ovariectomized virgin gilts for 10 days is
used to distinguish the effects of these hormones (Winn
et al., 1994). Gilts receiving no hormone or only progester-
one have no apparent mammary gland development, indi-
cating that this hormone does not affect mammary
development in the absence of other hormones. Those gilts
receiving estrogen or estrogen plus progesterone treatment
have limited mammary development. As such, progesterone
does not enhance the effect of estrogen alone. Gilts receiving
only relaxin treatment have mammary development even
more limited than those receiving only estrogen, suggesting
that relaxin alone does not have a significant effect on
mammary development (Winn et al., 1994). Treatment with
relaxin plus progesterone results in slightly greater develop-
ment than those receiving only relaxin (Winn et al., 1994).
Finally, synergies among the hormones on mammary growth
are clear in gilts receiving estrogen plus relaxin or estrogen
plus relaxin and progesterone treatments, resulting in
mammary tissue development similar to that found just
before farrowing (Winn et al., 1994).

Mammary gland development during pregnancy

Mammary gland growth is limited during the first two-thirds
of pregnancy. Mammary DNA content and tissue mass are not
different between the second estrous cycle and the early
stages of pregnancy (Sorensen et al., 2002), although duct
development is slowly progressing during that period
(Kensinger et al., 1982). The breakpoint for growth rate of
mammary tissue has been estimated to occur at approximately
day 74 of pregnancy (Ji et al., 2006). A significant increase in
lobuloalveolar development occurs after day 75 (Kensinger
et al., 1982). Parenchymal tissue DNA increases fourfold and
total parenchymal DNA increases ninefold between days 75
and 105 of pregnancy (Weldon et al., 1991). Parenchymal
tissue mass increases by over 200%, while parenchymal lipid
decreases by nearly 70%. This latter observation suggests a
decrease in adipocytes within the parenchymal tissue. The
parenchyma is both getting larger and increasing in the den-
sity of epithelial structures. Extra-parenchymal tissue also
increases by nearly 170% during this period (Weldon et al.,
1991). Rate of accretion of tissue protein is 13-fold greater in
the period of pregnancy after day 75 than before day 75 (Ji
et al., 2006). Mammary gland parenchymal cross-sectional
area increases by nearly fourfold between days 80 and 100,
and then increases roughly another 30% between days 100
and 110 (Hurley et al., 1991). Growth rate of individual
mammary glands varies according to location on the mam-
mary line, with middle glands (glands 3, 4 and 5) achieving the
largest tissue mass, followed by the anterior glands (glands 1
and 2) and the posterior glands (glands 6, 7 and 8) growing
the slowest (Ji et al., 2006).
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Mammary development during pregnancy occurs in
response to stimulation by a number of hormones. Of parti-
cular importance for the sow are progesterone, estrogen,
prolactin and relaxin. Progesterone concentrations fluctuate
during pregnancy, but they remain high until shortly before
parturition (DeHoff et al., 1986; Eldridge-White et al., 1989).
Serum progesterone concentrations in the sow decline
rapidly between days 110 and 112 of gestation and then
drop precipitously during the final days before farrowing
(Eldridge-White et al., 1989). Fetal progesterone declines
steadily from days 60 to 105 of pregnancy and then rapidly
increases by day 112 (DeHoff et al., 1986). Circulating fetal
progesterone concentrations are about fourfold greater than
concentrations in maternal blood, consistent with the fetal
hormone being available for conversion to estrogens by
fetoplacental tissues. The major estrogens in the sow’s blood
during pregnancy are estrone, estrone sulfate, estradiol and
estradiol sulfate, much of which are produced by conversion
of estrogens produced by the fetus (DeHoff et al., 1986).
Total plasma estrogen concentration remains low from early
pregnancy through days 75 to 80 and then rises steadily to
maximal concentrations by day 112 (Eldridge-White et al.,
1989). Estrogen concentrations decline shortly after farrow-
ing. Circulating concentrations of prolactin are moderately
elevated during very early pregnancy and then remain low
until about 2 days before parturition when there is a rapid
surge of the hormone (Dusza and Krzymowska, 1981; DeHoff
et al., 1986). Growth hormone concentrations in maternal
blood remain constant throughout pregnancy, then have a
rapid increase during the peripartum period (DeHoff et al.,
1986). Blood concentrations of relaxin are low before day 80
of pregnancy, then increase about fourfold by day 110, fol-
lowed by a greater than fivefold surge by approximately 20 h
prepartum (Eldridge-White et al., 1989).
Induction of hypoprolactinemia in the first two-thirds of

pregnancy does not result in an effect on mammary gland
parenchymal tissue growth (reviewed in Farmer, 2013; Farmer
and Hurley, 2015). It appears that the relatively low prolactin
concentrations observed during pregnancy in the intact, non-
treated gilt are sufficient to stimulate the limited mammary
gland development which occurs during that period. In contrast,
inducing hypoprolactinemia in pregnant gilts from days 90 to
110 of pregnancy significantly reduces mammary parenchymal
tissue weight, total DNA, total RNA and protein percentage.
Efforts to induce hyperprolactinemia during late preg-

nancy in order to enhance mammary development and milk
production have met with mixed results. Administration of
porcine prolactin to multiparous sows from day 107 of
pregnancy to day 2 of lactation has no effect on lactation
performance (Crenshaw et al., 1989). Administration of
silymarin, an extract of milk thistle, leads to a short-term
increase in prolactin concentrations during late pregnancy,
however, this effect on prolactin is not accompanied by a
positive effect on mammary gland development (Farmer
et al., 2014). Induction of hyperprolactinemia with the
dopamine antagonist, domperidone, during late pregnancy
increases mammary epithelial cell differentiation in late

pregnancy and milk production during lactation, but not
epithelial proliferation (VanKlompenberg et al., 2013).
Administration of porcine prolactin to gilts from day 102 of
pregnancy to the end of lactation is reported to have a
negative effect on milk production (King et al., 1996). Exo-
genous prolactin during late pregnancy may induce pre-
mature lactogenesis disrupting the normal synchrony
between birth of the litter and initiation of milk secretion. On
the other hand, treatment of lactating sows with prolactin
does not enhance milk production, possibly because pro-
lactin receptors are already maximally saturated with endo-
genous prolactin concentrations (Farmer et al., 1999).
The role of growth hormone on porcine mammary devel-

opment during pregnancy has not received as much attention
as that of prolactin. Administration of growth hormone to gilts
starting on day 108 of pregnancy and continuing to day 24 of
lactation has no effect on milk yield or litter weaning weight
(Cromwell et al., 1992). It is interesting to note that an effect
of reducing circulating growth hormone on lactating rats can
be observed only when circulating prolactin is also reduced
(Flint et al., 1992). Characterization of an effect of growth
hormone on mammary development and lactation in swine
may also require the inhibition of the effect of prolactin.
A role for relaxin in mammary development in swine dur-

ing pregnancy has been demonstrated using an ovar-
iectomized pregnant gilt experimental model (Hurley et al.,
1991). Relaxin is secreted by the corpora lutea in swine. The
hormone requires concurrent or pre-exposure to estrogen to
manifest its effects. The conceptus tissues provide the
estrogen stimulation for this experimental model. Ovar-
iectomy on days 80 or 100 of pregnancy with progesterone
replacement therapy (to maintain pregnancy) dramatically
reduces the extent of mammary development at days 100 or
110, respectively. Treatment of ovariectomized pregnant
gilts with progesterone and relaxin results in mammary
development similar to that observed in sham-
ovariectomized control gilts. It is interesting to note that in
gilts ovariectomized on day 100 of pregnancy, the mammary
tissue cross-sectional area is decreased at day 110 compared
with the area observed at day 100 (Hurley et al., 1991). This
suggests that the mammary tissue undergoes an active
regression in the absence of relaxin between days 100 and
110, even with continued exposure to endogenous estrogen
from the conceptus. Results of morphometric analysis of
mammary parenchymal tissue indicate an increase in par-
enchymal epithelial area and a decrease in stromal area in
ovariectomized pregnant gilts receiving progesterone plus
relaxin compared with those only receiving progesterone
(Hurley et al., 1991). Prolactin concentrations were not
determined in this relaxin-replacement therapy study.
As noted above, the concentrations of several mammo-

genic hormones are changing rapidly during the immediate
prepartum period. This is a period where mammary tissue
growth coincides with the process of lactogenesis. Analysis
of tissue ultrastructure from late gestation gilts provides a
framework for understanding the structural changes occur-
ring in mammary tissue during the peripartum period.
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Mammary epithelial cells are relatively undifferentiated at
day 90 of gestation (Kensinger et al., 1986), a period when
the parenchymal tissue is rapidly growing (Ji et al., 2006).
Epithelial cell differentiation has been initiated by day 105
and is further differentiated by day 112, as indicated by an
increase in intracellular milk fat droplets and expanded rough
endoplasmic reticulum (Kensinger et al., 1986). By several
hours after birth of the last piglet, the epithelial cells have
achieved the cellular polarity typical of a secretory tissue. In
addition, the alveolar lumina appear to contain milk rather
than colostrum. Removal of the mammary secretions by the
piglet results in a rapid change in secretion composition after
parturition (Hurley, 2015), which may explain the observa-
tion of milk in the alveolar lumen rather than colostrum.
Ultrastructural differentiation of epithelial cells is complete
by day 4 of lactation (Kensinger et al., 1986).
Diet deprivation during early pregnancy up to day 70,

followed by over-allowance through the remainder of preg-
nancy, results in less total parenchymal tissue and less par-
enchymal fat, DNA and RNA at day 110 of pregnancy
compared with gilts maintained on a control diet throughout
pregnancy (reviewed in Farmer and Hurley, 2015). Compo-
sition of mammary parenchymal tissue is unaffected by
dietary treatment. Piglet growth is not affected by dietary
treatment. The expression of several selected genes is lower
in mammary tissue of treated v. control gilts. Dietary protein
level fed during pregnancy does not significantly affect
mammary parenchymal development in primiparous gilts
(reviewed in Farmer, 2013; Farmer and Hurley, 2015). On the
other hand, level of dietary energy during pregnancy does
affect mammary development. Parenchymal tissue weight is
greater in gilts fed adequate energy v. those fed increased
energy levels. Total gland parenchymal DNA, RNA and pro-
tein are greater in adequate energy v. increased energy.
There is no interaction between level of energy and level of
protein in their effects on mammary parenchyma.
Body condition of primigravid gilts correlates with the

extent of mammary development at the end of pregnancy
(Farmer et al., 2016a and 2016b). Concentrations of DNA and
RNA in mammary parenchymal tissue at the end of pregnancy
decrease as backfat depth increases. Extra-parenchymal tissue
is greater in high backfat gilts than low backfat gilts at the end
of pregnancy. Percentage of proliferating cells in mammary
tissue is greater in high then low backfat gilts (Farmer et al.,
2016b). Mammary development is negatively impacted in gilts
with low backfat at the end of pregnancy, while development
in gilts with medium and high (up to 26mm) backfat is not
impacted. Backfat thickness at mating, when maintained
throughout pregnancy, also affects mammary development.
Thinner gilts at mating have greater mammary parenchymal
DNA and RNA concentrations than heavier gilts at day 110 of
pregnancy (Farmer et al., 2016a and 2016b).

Peripartum mammary gland development

Circulating hormone concentrations undergo dramatic
change during the peripartum period. In addition to the

changing profiles of progesterone, estrogen and relaxin
previously discussed, circulating concentrations of prolactin
also undergo rapid change shortly before, during and after
parturition. The peripartum prolactin surge begins about
2 days prepartum and extends through several days post-
partum (Dusza and Krzymowska, 1981). Prolactin con-
centrations fluctuate during the initial hours after the start of
parturition. Circulating prolactin concentrations decline
slowly over the initial days postpartum, although remain
significantly greater than those found during most of preg-
nancy (Dusza and Krzymowska, 1981).
Inhibition of the peripartum prolactin surge has profound

effects on lactogenesis, milk secretion and continued devel-
opment of the gland. Bromocriptine administered to preg-
nant gilts (oral; Farmer et al., 1998) or to pregnant
multiparous sows (intramuscular; Whitacre and Trelfall,
1981) during the prepartum period up to parturition inhibits
the prepartum prolactin surge and reduces circulating pro-
lactin on the day of and the day after parturition. Milk pro-
duction is inhibited to the point where piglets suckling
treated sows must be removed from the study because of a
lack of weight gain within the 1st day postpartum. Glands
that are not regularly suckled regress (Kim et al., 2001).
Feeding a diet containing high levels of sorghum ergot
sclerotia to pregnant sows during the prepartum period also
reduces blood prolactin, as well as lactation performance
(Kopinski et al., 2007). Lower levels of the sorghum ergot
have more limited responses. First parity sows are more
sensitive to consumption of the sorghum ergot. First parity
untreated sows have lower prolactin concentrations than
multiparous sows, and therefore may be more susceptible to
ergot inhibition (Kopinski et al., 2007).
Prepartum bromocriptine treatment can result in treated

sows farrowing prematurely at 110.6 days of pregnancy v.
115.2 days for control sows (Whitacre and Trelfall, 1981).
Treated sows often are unable to maintain piglets alive
beyond 3 days postpartum. The lack of suckling-induced
prolactin secretion after piglets are removed from the litter
results in reduced postpartum circulating prolactin impacting
further mammary gland growth and lactation performance.
In addition, the limited development of the piglets and the
mammary glands at day 110 of pregnancy may contribute to
the unsuccessful lactation performance of these sows. Pre-
mature delivery of the piglets may impact suckling intensity,
which in turn will impact the growth and milk production of
the mammary gland (King, 2000).
Relaxin concentrations are also changing during the peri-

partum period. Maximal relaxin concentrations are reached
several hours prepartum and then decline markedly by 48 h
postpartum and are non-detectable by 72 to 120 h (Porter
et al., 1992). The relaxin surge coincides with the prepartum
surge of prolactin, the high estrogen concentrations and the
declining progesterone concentrations. Administration of
relaxin to intact or luteectomized pregnant gilts during late
pregnancy can result in reduced lactation performance
(based on percentage of piglets nursing and manual
expression of milk) and a lower survival to weaning (Kertiles
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and Anderson, 1979). On the other hand, a deficiency of
relaxin concentrations during lactation does not appear to
impact lactation performance of sows (Porter et al., 1992).
The reduced mammary development observed during late

pregnancy in relaxin-deficient gilts (Hurley et al., 1991) pro-
vides an experimental model to explore the relative con-
tribution of prepartum v. postpartummammary development
to lactation performance. Pregnant gilts ovariectomized on
day 80 of gestation and administered progesterone from
days 80 to 113 have been used to evaluate the effects of
relaxin deficiency on subsequent lactation performance
(Zaleski et al., 1996). Piglets were delivered by cesarean
section, and gilts were given 1-day-old foster piglets that had
received colostrum. Foster litters were allowed to suckle
through day 28 of lactation. Mammary gland development at
cesarean section was visually reduced in relaxin-deficient
gilts compared with relaxin-replete gilts, consistent with
observations of the earlier study (Hurley et al., 1991). Relaxin
deficiency has no significant effect on time that piglets spent
on the udder, piglet mortality, milk composition, mammary
gland cross-sectional area at day 28 or sow weight change
during lactation. Litter weights at day 21 of lactation in
control (sham-ovariectomized) gilts tended to be heavier
than litters from ovariectomized gilts receiving only proges-
terone or receiving progesterone and relaxin from day 80 to
farrowing and were significantly greater than litters from
ovariectomized gilts receiving progesterone and relaxin from
day 100 to farrowing (Zaleski et al., 1996). Nevertheless,
treated gilts were able to complete successful lactations in all
cases. These observations indicate that suckling-stimulated
mammary gland growth during lactation can at least par-
tially overcome any effect on lactation performance caused
by reduced prepartum mammary development. This is in
contrast to the failure of lactation in sows that are prolactin
deficient during the peripartum period (Whitacre and Trelfall,
1981; Farmer et al., 1998).

Mammary gland development during early lactation

The mammary glands undergo significant functional differ-
entiation immediately before and after farrowing with the
formation of colostrum and the passage through the two
stages of lactogenesis (Pang and Hartmann, 2007). The
initial stage is secretory differentiation, occurring in late
pregnancy when the mammary epithelial cells differentiate
to have the capacity to synthesize unique milk constituents.
Secretory differentiation starts 8 to 10 days prepartum in the
sow based on changes in mammary cell structure and
metabolism (Kensinger et al., 1982), and on increasing con-
centrations of lactose found in the urine (Hartmann et al.,
1984). Secretory activation is the second stage, when
copious milk secretion begins. Secretory activation is asso-
ciated with rapid changes in concentrations of many milk
components. Earlier studies suggested that secretory acti-
vation begins 2 or 3 days prepartum (Kensinger et al., 1986).
However, a careful evaluation of piglet growth during the

initial hours postpartum shows that piglet weight change
occurs in two phases, an initial increase reaching a plateau at
about 20 h, followed by a sustained increase starting at
about 34 h postpartum (Theil et al., 2014). This latter
observation is consistent with copious milk secretion being
initiated approximately a day and a half postpartum.
Substantial growth of the mammary gland occurs during

lactation in swine (Kim et al., 1999). For example, total gland
DNA increases by 82% between the day of farrowing and
day 21 of lactation (Kim et al., 1999 and 2001). Growth of
the glands during lactation is stimulated by milk removal
(Farmer and Hurley, 2015). Milk synthesis and mammary
tissue growth during lactation both are tied to systemic
hormonal and local mammary responses to milk removal.
The extent of mammary development during lactation is
dependent on the degree of milk removal demand, also
referred to as suckling intensity (King, 2000; Hurley, 2001).
This intensity is determined by factors such as frequency and
completeness of milk removal, number and size of suckling
offspring, and hormones released in response to mammary
stimulation (King, 2000; Hurley, 2001).
A strong teat preference by piglets and coordinated

suckling pattern are established soon after parturition in
some swine breeds such as the Yorkshire × Landrace crosses
used in much of the research discussed in this review. These
factors result in a close relationship between growth of a
piglet and growth of the individual gland that the piglet
suckles (Kim et al., 2000; Nielsen et al., 2001).
Mammary gland development during pregnancy occurs in

response to systemic hormones, which could be expected to
regulate growth of all the glands comparably. Size of a gland
at parturition is determined in part by position on the ventral
surface of the mother. It also might be expected that a dif-
ferential developmental pattern would occur in individual
glands after parturition and during the initial days of lactation
dependent on the size of the piglet and location of the gland.
Comparing the mean DNA content of mammary tissue by
gland location at day 5 of lactation (Kim et al., 1999) with the
mean DNA content by gland location at the day of farrowing
(Kim et al., 2000) gives a picture of mammary growth during
the initial days of lactation. The standardization of litter size
and piglet birth weight (1.34 to 1.49 kg) provides a consistent
suckling intensity across gland locations on the sow. The
mammary glands with the least total DNA at parturition (the
numbers 1, 6 and 7 glands) grow rapidly during the initial
5 days of lactation when receiving the same suckling intensity
as the other gland locations, although these glands are still on
average the smallest at day 5. The numbers 2 and 3 glands are
intermediate in total DNA at parturition and experience little
growth until day 5. Finally, the largest glands at parturition,
the numbers 4 and 5, may have excess milk producing capa-
city relative to the demands of the piglets suckling those
glands through day 5, and the glands may undergo regression
by day 5 postpartum. The suckling-induced mammary gland
growth of all glands occurring after day 5 of lactation con-
tinues up to peak lactation (Kim et al., 1999). Individual glands
may grow or transiently regress in response to the demand of
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the suckling piglet during the initial days postpartum. The
relationship between gland size and suckling intensity it
receives during the days after parturition has not been thor-
oughly studied. Enhancement of gland size at parturition by
endocrine, nutritional or any other means may only have sig-
nificant benefit if suckling intensity is increased in early lac-
tation. Fostering older piglets onto a sow in early lactation
does result in greater milk production during that period
(reviewed in Farmer and Hurley, 2015). Further discussion of
mammary gland development during lactation is extensively
reviewed by Farmer (2019).

Conclusion

The mammary gland of the gilt undergoes a series of devel-
opmental stages beginning during the early embryonic per-
iod. Characterization of the morphogenesis of the mammary
glands in the embryo and fetus has not been completely
described. In addition, information about the factors con-
trolling that development is limited. The impact of hormonal
and metabolic environments experienced by the neonatal
porcine mammary gland on its subsequent development and
lactation function have not been explored. The mammary
gland is growing isometrically during the initial 3 months of
postnatal life, followed by a period of rapid allometric
growth up to puberty. This latter period of prepubertal
mammary development presents an opportunity to externally
enhance the growth through hormonal or nutritional means.
Information about the postpubertal period of mammary
development is also limited, in part because production gilts
are bred after only a very few estrous cycles. After concep-
tion, the gland grows slowly through the first two-thirds of
pregnancy. By about days 75 to 80 of pregnancy the gland
begins growing rapidly in response to stimulation by several
hormones, including estrogen, relaxin and prolactin. Inhi-
biting these hormones can compromise development in late
pregnancy. While development of the mammary gland is
essential for successful lactation, even a gland that is
developmentally compromised during late pregnancy may
successfully lactate in response to sucking stimulus. This
underscores the important role of suckling and milk removal
in stimulating mammary development after parturition.
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