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Lactation is a fascinating process. Research over the last decade has provided 
new insights into the regulation of mammary gland development and involution. 

Lactation is the last step in reproduction, and therefore it is linked to reproduction 
strategy. Photoperiod species such as sheep, or pseudo-ovulatory (at mid-gestation) 

species as the rodent Lagostomus maximus, are interesting and unique models 
to study mammary gland physiology. This book also offers updated insights into 
the mechanisms that control postlactational involution, therefore also providing 

information to better understand breast cancer. Small noncoding RNA has opened new 
understanding in gene regulation. In this regard, our knowledge of mammary gland 
development and milk secretion has increased extremely. This book provides current 

scientific information on all these interesting topics. It will certainly be of great benefit 
to those interested in biomedical sciences.
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Preface

In recent decades, the development of molecular techniques such as deep sequencing and
RNA sequencing contributes to increase significantly our knowledge of molecular mecha‐
nisms in lactation. In this book, readers will find updated research on mammary gland de‐
velopment, endocrine regulation of lactation, and mammary gland involution. Although the
physiological bases on milk secretion are fairly consistent among species, some mechanisms
may be different. In this regard, comparative research increases our basic knowledge and
helps us to understand processes that may be less evident in some species. From studies in
cows, sheep and mice, and less studied rodents such as vizcacha, each chapter of the present
book provides a full review on important topics in lactation.

This book is an excellent opportunity for graduate students and researchers to read updated
information on this field. Current Research in Lactation will be a valuable resource for dairy
physiologists and biomedical scientists interested in mammary glands and lactation.

Isabel Gigli
School of Agriculture, National University of La Pampa (UNLPam)

Santa Rosa, La Pampa
Argentina
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Lactation is a fascinating process that characterized all mammals. From primitive glands with 
no nipples—as in monotremes—to complex mammary glands, female mammals nourish 
their offspring with the perfect food. Each species has different nutritional requirements, and 
each mother secretes the correct concentration of macro and micronutrients. Fat, for instance, 
varies from 50% content as in gray seal [1] to 4% in cow milk [2]. In addition to nutrition, 
milk contains bioactive components that promote immunity such as immunoglobulin and 
lactoferrin [3, 4]. The importance of milk on the prevention of pathogens in the newborn 
has been known for a long time [5], yet as research progresses, new understanding arises. 
Recently, it was identified that human milk produces a large amount of oligosaccharides that 
are not digestible by the newborn. Researchers found that these short carbohydrates play an 
important role on the intestinal flora acting as prebiotic for beneficial bacteria and inhibiting 
the adhesion of pathogens on the intestinal epithelial [6–8]. Human milk is not the only one 
that produces prebiotic components. In cows, also have been identified a variety of oligosac-
charides that promote a healthy microbiome [9]. All these recent studies highlight even more 
the impact of milk as a functional food.

The mammary gland develops through different phases: embryonic, pre- and post-puberal, 
and during pregnancy. An important feature in the mammary gland is that it undergoes differ-
ent cycles of differentiation and regression throughout the adult female’s life. Lactation is the 
final stage of reproduction; therefore, lactation regulation might differ according to the species’ 
reproduction strategy. Female mammals can be classified as continuous or seasonal breeders. 
Concomitantly, seasonal breeder species can be divided into long and short day. The females 
on the first group present ovary activity in spring and summer, while are in anestrous in fall 
and winter (i.e., horses). On the contrary, in short-day breeders, reproduction takes place in 
fall and winter and ovary is inactive in spring and summer (i.e., sheep). In all seasonal breed-
ers, regarding the reproduction strategy, the decreased light length produces the excitation 
of the superior cervical ganglion through the retina nerve, which unblocks the inhibition of 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



the pineal gland. As a result, melatonin increases. Melatonin interacts with the gonadotropin-
release hormone (GnRH) affecting the hypothalamus pineal ovary axis. The way melatonin 
influences GnRH is depending on the reproduction strategy: in short-day breeders, melatonin 
induces the synthesis of GnRH, and therefore, ovary cycles are produced; on the other hand, in 
long-day breeder, melatonin inhibits GnRH-inducing anestrous [10]. Sheep—which are short-
day breeders—can be artificially manipulated to induce cycling out of season. Melatonin also 
affects mammary gland and lactation. Therefore, lactation in sheep lambing out of season could 
affect milk production. In Chapter 1, Dr. Molik describes the endocrine response associated 
with melatonin changes and the impact of the photoperiod on milk production in the sheep.

Another example of how reproduction strategy influences mammary gland development is 
observed in Lagostomus maximus. This rodent presents a pseudo-ovulation in mid-gestation. 
The changes in progesterone levels during pregnancy characterized the mammary gland 
development of this species. An interesting description of the mammary gland development 
and involution on the Vizcacha is described in Chapter 2 by Dr. Halperin et al.

Numerous factors interact at the onset and maintaining of lactation. There is a consensus 
of the main lactogenic hormones that regulate milk synthesis and secretion, but as research 
advances, we are getting a better understanding on the fine balance among the systemic 
hormones and the local regulatory factors. Milk secretion is trigger at parturition when pro-
gesterone falls and glucocorticoid, prolactin, and growth hormone (GH) rise [4]. The associa-
tion among these hormones and lactation has been known for many years. Probably, one of 
the earlier evidence that progesterone inhibits lactation was back in 1925, when Hammond 
described that milk secretion in rabbits was the consequence of corpora lutea involution [11]. 
Prolactin is needed to maintain milk secretion in most mammals. However, in ruminants, the 
predominant lactogenic hormone is considered to be GH [12]. A synthetic GH was widely 
used in dairy industry to increase milk yield in the 1980s when a recombinant GH was com-
mercially available [13]. At a molecular level, lactogenic hormones activate gene expression 
through JAK2/STAT5. Briefly, once the hormones bind the cell surface receptors, JAK2 pro-
teins phosphorylate and consequently induce the phosphorylation of STAT5. Then, the phos-
phorylated dimer STAT5 translocates to the nucleus and induces transcription of target milk 
protein genes. For a review, see Ref. [14]. Milk is synthesized and secreted into the mam-
mary alveoli lumen. When milk let-down stimulus is triggered, oxytocin is released from 
the pituitary gland and binds to its receptor on the myoepithelial cells; as a consequence, 
milk is ejected. Oxytocin structure and function have been described in the 1950s. Vincent 
du Vigneaud received a Nobel Prized in 1955 for his work on the oxytocin [15]. Maintaining 
of lactation requires the periodic removal of milk. Systemic endocrine factors and autocrine 
mechanisms act concomitantly to control mammary gland function. Once milking is discon-
tinuous, the mammary gland undergoes to a series of involution process that drive it from a 
secretory phase to an inactive organ. Involution is divided into two stages. The first stage is 
regulated by local factors, which outweigh the positives stimulus exerted by the lactogenic 
hormones. To exemplify the importance of this concept, interrupting milking in a single gland 
in the cow, triggers the involution process only on that quarter, while the other three lands 
maintain milk production. During the second involution stage, apoptosis of epithelial cells 
and tissue remodeling occurs. In Chapter 3 of the present book, Dr. Kordon and Dr. Coso 
describe in detail the cell signaling associated with mammary gland involution and cancer. 
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Authors explain the role of STAT3 and leukemia inhibitory factor (LIF) on mammary cell 
death and show that the effect of stretching mammary epithelial cells in culture—as hap-
pen in vivo by milk accumulation—induces both LIF expression and STAT3 phosphorylation. 
Also, it discussed the role of the extracellular matrix in the involution process.

Local mechanisms not only regulate milk yield but also control milk composition. A beautiful 
example of local regulation in milk composition is observed in the Tammar Wallaby. When 
the immature joey is born, it crawls to the mother’s pouch and attaches to the nipple. As the 
youth growths and its nutritional requirement change, milk composition is adapted to the new 
demand. However, it could occur that the female gives birth to a second joey, while the oldest 
one is still lactating. On this occasion, entirely different composition of milk would be produced 
in each mammary gland. This is called asynchronous concurrent lactation and is regulated by 
local factors. For an extensive review, see Ref. [16].

The development of new molecular tools—such as new-generation sequencing and RNA sequenc-
ing—revealed remarkable information that challenges our knowledge. In 1998, Fire and Mello 
received a Nobel Prize for their discovery of small RNA (miRNA) that control proteins synthesis 
post-transcriptional in Caenorhabditis [17]. By 2001, it was shown that these miRNAs far from 
being specific in worms were small molecules that regulate gene expression in eukaryote. Since 
then, thousands of miRNAs have been identified in different organs and specifically in the mam-
mary gland and even in milk secretion. In mammary gland, miRNAs modulate development and 
regression. Several miRNAs are secreted in milk inside vesicles that give them protection from 
the low gastric pH. It was postulated that milk miRNAs could regulate gene expression in the 
newborn. Still it is controversial, and further research is needed to indicate if milk miRNAs are 
biological active ones there are absorbed [18, 19]. In Chapter 4, Dr. Duy and Dr. Ibeagha-Awemu 
describe in detail the state-of-the-art on noncoding RNA in the ruminant mammary gland.

Our knowledge on mammary gland physiology has increased considerably in the last decades. 
This book offers to the readers an update on research in four important areas: influence of mel-
atonin in lactation, mammary gland development, signaling process in the mammary gland 
involution, and the role of miRNAs in mammary gland physiology. The study of comparative 
physiology lactation contributes to understanding biological process than could be present 
in all species but less evident in some and provides a wider understanding of the lactation 
process. The discovery of miRNAs definitely opens a new era in the study of gene expression. 
All these studies—plus the new molecular technology available—have increased and certainly 
will increase even more, our knowledge in the mammary gland and lactation, a captivating 
physiology process.
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Ovarian, Hypophyseal and Hypothalamic Hormones
Coordinate Mammary Gland Remodeling in Adult
Lagostomus maximus: a Rodent that Shows Pseudo-
Ovulation at Mid-Gestation

Julia Halperin, Veronica B. Dorfman and
Alfredo D. Vitullo

Additional information is available at the end of the chapter

Abstract

Adult  female  mammary  glands  go  through  extensive  tissue  remodeling  during
pregnancy,  lactation  and after  the  weaning  of  the  neonates.  Here  we characterize
mammary gland morphology of adult females of Lagostomus maximus, a hystricomorph
rodent with a pseudo-ovulatory event at mid-gestation, and describe how the glandular
tissue changes its architecture in response to variations of the hormonal environment.
At mid-gestation, pseudo-ovulation is seen as an essential event increasing the number
of secondary corpora lutea and thus rising the circulating levels of progesterone that
help to maintain pregnancy to term. As a side effect, mammary gland development is
favored early during the long-lasting pregnancy of L. maximus, preparing females for
the nutritional need of fully developed pups in this k-strategist species.

Keywords: mammary gland, prolactin, estradiol, progesterone, Lagostomus maximus

1. Introduction

Lactation has evolved as a vital part of the mammalian reproduction strategy [1]. During this
process, ovarian, hypophyseal and hypothalamic hormones together with a myriad of factors
synchronize actions for the growing and remodeling of the mammary glands. Over the past
years, our understanding on how this complex hormone-driven process coordinate mecha-

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



nisms to guide mammary glands throughout growth-lactation-regression cycles has greatly
improved. Nonetheless, there is still much to be learned about their roles in the development
of each of the structural components of this organ.

The vast majority of mammary glands investigations have been performed in mice and rats.
However, many aspects still remain unfulfilled covered by these conventional animal models
since they differ considerably in mammary glands development and types of breast cancer
from women [2, 3]. On the other hand, studies performed on unconventional rodents such as
guinea pigs and hamsters that share with humans some endocrine and reproductive biology
aspects have contributed to a better understanding of human physiology and disease [4],
particularly on some reproductive tumors [5, 6].

Figure 1. Adult female plains vizcacha (Lagostomus maximus) nursing a pup. Credit: J. Halperin, Universidad Maimó-
nides.

The South American plains vizcacha, Lagostomus maximus, is a hystricomorph rodent closely
related to guinea pig (Figure 1) [7]. This species has attracted significant attention in the
reproductive research field since female ovaries exhibit exceptional and unique characteristics
among rodents. Females display natural massive poly-ovulation that can go up to 800 oocytes
per cycle, the highest ovulatory rate so far recorded for a mammal, as a result of an unusual
constitutive suppression of apoptosis that greatly decreases intra-ovarian oocyte dismissal
caused by follicular atresia [8–12]. In addition, gestation lasts 154 ± 6 days [8], an unusually
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long period for a rodent and one of the longest recorded among hystricomorphs. Moreover,
pregnant females exhibit an ovulatory event at mid-pregnancy that leads to a considerable
number of secondary corpora lutea with oocyte retention (i.e., pseudo-ovulation) and to an
important rise of the progesterone levels [10, 11, 13]. This boost up in the circulating proges-
terone may contribute to an accurate maintenance of the uterus and embryo development up
to the end of pregnancy [11, 14]. Given that ovarian hormones modulate growth and
development of post-pubertal mammary glands, the reproductive peculiarities of the ovaries
of L. maximus make of this species an interesting model to examine the mammary glands
morphology according to its reproductive status.

The purpose of this chapter is to give a brief representation of the morphological changes that
occur in the mammary glands between pregnancies under the action of ovarian, hypophyseal
and hypothalamic hormones of adult plains vizcachas.

2. The mammary gland morphology of vizcachas

Adult female vizcachas have two pairs of functional mammary glands located below the
ventral skin and laterally on the thorax. The skin epidermis is formed by a stratified squamous
and keratinized epithelium which rests on a layer of dense collagenous connective tissue that
contains hair follicles, sweat glands and fibroblasts. From the opening of the nipple and into
the mammary glands, the number of epithelial layers decreases until it reaches a two-layer
epithelium which upholsters each branched tubulo-alveolar gland [15].

The mammary gland secretory parenchyma is divided into lobes and then lobules by connec-
tive tissue septa. Lobules are formed by intralobular ducts that connect to an interlobular duct
which finally empty into the lactiferous duct. The lactiferous duct is the excretory duct of each
lobe and connects to the opening nipple to allow the release of milk during lactation. Before
reaching the opening nipple, the lactiferous duct lumen forms a lactiferous sinus that functions
as a reservoir for milk during lactation.

The mammary gland epithelium that coats the ducts is composed by an inner layer of secretory
cells and an outer layer of myoepithelial cells which lies on the basement membrane that
separates parenchymal and stromal compartments. The surrounding stroma is mainly
composed by connective tissue, endothelial vessels, fibroblasts and immune cells. Unlike to
what have been described for mouse and rat, mammary glands of adult vizcachas have a poor
fat content [15]. General morphology and a detailed description of each cellular component of
adult mammary glands of L. maximus are depicted in Figure 2.

As adult females transit throughout pregnancy and lactation, the mammary gland develops a
more elaborated structure as a result of proliferation, branching and differentiation of the
ductal tree. The extent of the development of the ductal network is closely related to the female
reproductive status and the hormonal milieu.
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Figure 2. General morphology of the mammary gland of female L. maximus. Up: schematic draw depicts the general
morphology of a post-pubertal mammary gland of L. maximus. Bottom: representative photomicrographs of each cellu-
lar component of the mammary glands. (A) Lactiferous duct epithelium is continuous with the stratified squamous
and keratinized skin epidermis. (B) Underlying dermis is formed by a layer of dense collagenous connective tissue
containing hair follicles, sweat glands and fibroblasts. (C) Secretory parenchyma composed by intralobular ducts form-
ing lobules that join into lobes. Connective tissue septa surround each lobule. (D) Epithelial lining of the ductal net-
work is made up of a luminal secretory cell layer and a basal myoepithelial cell layer which rests on a basal membrane
that separates the epithelium from the surrounding stroma. a, secretory alveolus; bm, basal membrane; de, dermis; ep,
epidermis; ex, exocrine gland; i, intralobular duct; I, interlobular duct; m, muscle; my, myoepithelial cell layer; n, nip-
ple opening; s, secretory cell layer; sp, connective tissue septum; v, blood vessel. Filled arrowhead: lobes. Empty arrow-
head: lobules. Scale bar is 150 μm for photos A and B; 100 μm for photo C and 25 μm for photo D.

3. Hormonal regulation of mammary glands growth and development
according to the vizcacha reproductive status

3.1. Cycling

Short before the breeding season, mammary glands of non-pregnant adult vizcachas are in a
“resting” state and present predominance of stromal connective tissue over the rudimentary
ductal tree, which is mainly characterized by a few ducts and scarce secretory alveoli. At this
stage, circulating estradiol can be high if the animal is ovulating. Yet, expression of estrogen
receptor β, ERβ, is weak, and ERα is almost absent in the mammary glands (Figure 3). These
observations could be interpreted as an indication that estradiol does not play an important
role in the metabolism of cycling mammary glands of L. maximus. Such hypothesis is opposed
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to what have been previously shown in mammary glands of virgin mice [16–18]. Those reports
demonstrated that estradiol is a crucial regulator of branching through both of its receptors,
being ERα the more important for mammary glands development. Considering that our group
of cycling vizcachas is composed by adult females captured in their natural environment, they
most likely have gone through one or more pregnancies prior to the capture. Their mammary
glands have already experienced pregnancy-lactation-regression cycles. Moreover, although
at this resting state there is no secretory activity in the mammary glands, some ducts still show
residual milk fat globules in their lumen which is indicative of a recent lactation. These
evidences support the idea that these are not virgin females and so, their mammary glands are
already mature. Their ductal network, even in a resting status, already comprises secondary
branching. Nevertheless, the normal expression of ERα and ERβ in mammary gland of virgin
vizcachas is still pending. Just then, we will be able to confirm the role of those receptors in
the regulation of mammary gland secondary branching.

Figure 3. Hormonal regulation of the vizcacha mammary gland development according to the reproductive status.
Representative photomicrographs of mammary gland sections of adult vizcachas at cycling, pregnancy, lactation and
regression status. H-E, hematoxilyn-eosin; ERα, estrogen receptor α ERβ, estrogen receptor β PR, progesterone recep-
tor; PRLR, prolactin receptor. Immunoreactivity is shown in brown and only for ERα hematoxylin-counterstained nu-
clei in blue. All photomicrographs have the same magnification. Scale bar is depicted in the last photo (bottom right)
and represents 25 μm.
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It is well established that in response to ovarian steroids at the onset of cyclicity, the mammary
gland enlarges, the ducts undergo rapid extension and branching, and the mammary epithelial
cells fill the mammary fat pad. It is also known that, in cycling females, prolactin (PRL) is only
indirectly involved in the formation of ductal side branching by promoting luteal progesterone
synthesis, as evident by the restoration of ductal branching in PRL knockout females treated
with progesterone [19, 20]. In accordance with these references, we did not detected PRL
receptor (PRLR) expression in membrane of ductal epithelium of cycling vizcachas (Figure 3).
Yet, we detected a conspicuous PRLR mark in nuclei if ductal epithelium. It has been proposed
that polypeptide ligands like PRL and their receptors may translocate into the nucleus and
regulate the expression of specific transcription factors [21]. Our results suggest that the role
of PRL over mammary glands may not be restricted to its known trophic effect during pregnant
and lactation phases, but it also could be modulating other physiological processes in mam-
mary glands of non-pregnant animals. In fact, it has been shown that intact transmembrane
PRLR localizes in the nucleus of human breast carcinoma cells where it functions as a co-
activator through interaction with the latent transcription factor Stat5a and the high mobility
group N2 protein (HMGN2) and contributes to the expression of the ER and progesterone
receptor (PR) [22, 23].

3.2. Pregnancy

During this stage, mammary glands have to undergo further development and morphological
changes in preparation for nutrition of neonates. It has been already established that proges-
terone induces extensive side-branching and alveologenesis and, in combination with PRL,
promotes the differentiation of the alveoli, which are the structures that synthesize and secrete
milk during lactation [24].

Along pregnancy, mammary glands of vizcachas increase the parenchymal-stromal ratio as
well as the vascularization that surrounds each lobule. We observed that, during the first half
of pregnancy of L. maximus, there is an increase in branching and elongation of the ductal tree
accompanied by an increased expression of PRLR and of progesterone receptor (PR) expres-
sion in nuclei of secretory epithelium (Figure 3). Bulbous terminal end buds (TBEs) formed at
the tip of growing ducts during ductal morphogenesis, now proliferate and bifurcate gener-
ating new branches. TEBs show multiple layers of epithelium implying a high proliferative
rate of this cell population during gestation. Particularly, after pseudo-ovulation takes place,
mammary ductal network becomes noticeably more ramified: the alveolar buds located at the
end of the branches progressively cleave and differentiate into individual alveoli which occupy
the majority of the fat pad (Figure 3) [15].

L. maximus shows two well defined phases during pregnancy: before and after pseudo-
ovulation. In the first half of pregnancy, around day 70 of gestation, circulating progesterone
gradually decreases as a result of normal luteolysis. Approximately at day 90, when circulating
progesterone reaches its minimum level, a new wave of follicular recruitment, pseudo-
ovulation and luteinization occurs and the released luteal progesterone progressively increas-
es its levels throughout the second half of gestation [25].
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Considering that progesterone is known as a key factor in the regulation of post-pubertal
mammary gland development, it is interesting to note that although its levels drastically
change throughout pregnancy of L. maximus, the pattern of PR immunoreactivity in the
secretory alveoli of mammary glands remains relatively constant (Figure 3). The enhancement
of the circulating progesterone as a result of the pseudo-ovulation has been mostly related to
its critical role in the maintenance of the uterus and embryo development up to the end of
gestation since by this time most embryos are being resorbed through a natural selective
abortion process [10, 14]. Nevertheless, although progesterone fluctuates during gestation, its
levels might be enough to induce extensive side-branching and alveologenesis in mammary
glands of pregnant vizcachas.

Figure 4. PRL hypophyseal content according to the developmental status of the mammary gland of female vizcachas.
Representative photomicrographs of adenohypophysis sections of adult vizcachas whose mammary glands are at cy-
cling, pregnancy, lactation and regression status. Immunoreactivity is shown in black. All photomicrographs have the
same magnification. Scale bar is depicted in the last photo (bottom right) and represents 25 μm.

Right before parturition, alveolar epithelial cells are enlarged due to a high content of milk fat
globules. These alveoli will ultimately become milk-secreting lobules during lactation. As
expected along this reproductive stage, the expression of PRLR in the secretory alveolar cells
of mammary glands strongly increases in tune with the hypophyseal PRL content of pregnant
vizcachas (Figures 3 and 4) [15, 26, 27]. On the other hand, even though it has been described
that PRL regulates mammary epithelial cell proliferation also via autocrine/paracrine mecha-
nisms [28, 29], we could not detect PRL expression in mammary glands of L. maximus neither
at protein nor at mRNA level (not shown).

Interestingly, our data shows that, at the peri-pseudo-ovulation interval (approximately
between days 90 and 100 of gestation), circulating estradiol peaks and both ERα and ERβ
increase their expression in mammary glands (Figure 3). ERα localizes in nuclei of both
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secretory epithelia and stromal cells located immediately beneath of it, supporting the idea of
a paracrine role for this transcription factor [17]. Moreover, these data correlate with the
accelerated ductal proliferation, branching and alveolar differentiation of mammary glands
toward the end of gestation [15]. It has been described that besides its role in pubertal branch-
ing, ERα is also essential in alveologenesis during pregnancy and lactation [30]. As for ERβ, it
has been reported its requirement for normal lobuloalveolar development during pregnancy
rather than for prepubertal growth [31].

Both PRL and luteinizing hormone (LH) are intimately linked to estradiol expression. As result
of the hypothalamic-hypophyseal-gonadal axis re-activation in adult pregnant vizcachas,
serum LH significantly raises, targets the ovaries and triggers pseudo-ovulation. From there
and up to the end of pregnancy, whereas LH gradually decreases, hypophyseal PRL concen-
tration progressively increases up to parturition and remains high during lactation. It has been
demonstrated that estrogens target lactotrophs and stimulate PRL gene expression and release,
enhance storage capacity and increase cell proliferation [32]. Our preliminary results in
adenohypophysis of vizcacha show that hypophyseal ERα is highly expressed at term-
gestating females [33]. Last but not the least, at the time of pseudo-ovulation, expression of
both hypothalamic PR and gonadotropin-releasing hormone (GnRH) markedly increases. This
strongly suggests a role of the hypothalamic-hypophyseal-gonadal axis in the modulation of
ovulation during gestation in L. maximus [13]. Knowing that ovarian hormones are key players
in adult mammary gland growth and development, we could hypothesize that GnRH may
play an indirect role in mammary gland remodeling. Moreover, in the near future, we should
direct our efforts to elucidate ERα modulation over hypophyseal PRL expression in both
pregnant and lactating vizcachas.

3.3. Lactation

At this stage, milk-secreting alveoli occupy most of the lobule in the mammary glands of L.
maximus. As late pregnancy transitioned to lactation, mammary glands consist almost
completely of secretory epithelium forming the alveolar structures with lumens full of milk
fat globules and milk (Figure 3). The magnitude of the dramatic change in the mammary gland
architecture is pointed out by the difference in mammary gland weight and size. It has been
already described that the fully developed lactating mammary gland in a mouse is seven to
10 times heavier than the mature virgin gland [34].

The secretory epithelial cells of mammary glands during the lactation phase are cuboidal and
visibly polarized. The cell nucleus is positioned basally, and the cytoplasm is vacuolated and
full of milk droplets. The lumen of alveoli and ducts are full of milk as well. The contraction
of myoepithelial cells that surround alveoli helps to empty their content into the interlobular
ducts. A very thin connective tissue sheath surrounds each alveolus. We observed the presence
of immune cells in the stromal connective tissue and within the milk into the alveoli and ducts.
No differences were observed in the morphology between anterior and posterior mammary
glands. Anterior and posterior glands are highly branched and full of milk. In fact, we observed
that pup suckling occurs indistinctly among the nipples. Lactating females exhibit only one
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milk patch beneath the skin along the milk line that contains both anterior and posterior
nipples [15].

PRL has been well characterized as a terminal differentiation factor of the mammary epithelial
cells and for synthesis of milk components during lactation [35]. While mammary glands of
L. maximus go through a lactation phase, PRLR alveolar expression reaches its highest level
which correlates with a high content of hypophyseal PRL (Figures 3 and 4).

During lactation, mammary gland expression of PR is much stronger than in any other
reproductive state and such expression shifts to the cytoplasm of alveolar cells although some
nuclei still show positivity for this receptor (Figure 3). This could indicate that the PR antibody
used in our experiments recognizes both isoforms of PR (PRA and PRB) which have been
described co-expressing in mammary glands of mice at late pregnancy [36].

3.4. Regression

Weaning of the litter triggers the process of regression, whereby the mammary gland is
remodeled back to its pre-pregnancy state. Mammary gland regression is a period of intensive
tissue remodeling. During milk stasis, mammary gland epithelial cells change from a secretory
cuboidal to a nonsecretory squamous epithelium. One of the aspects that characterized this
stage in L. maximus is the detachment of alveolar epithelial cells that shed into the lumen. The
structure of the gland displays major changes: alveoli start to collapse, basement membrane
becomes fragmented and connective tissue, mostly fibroblast and some adipocytes, start to
refill (Figure 3). Apoptotic cells, cellular debris and milk components must be cleared for
normal regression to proceeds. It is notorious the presence of polymorphonuclear cells in the
stroma, infiltrated in the secretory epithelia and in the lumen of the alveoli and ducts of
regressing mammary glands of L. maximus [15]. Interestingly, it has been described that besides
the classical phagocytosis carried out by macrophages, “nonprofessional phagocytes” such as
epithelial cells, endothelial cells and fibroblasts also have the capability to participate in the
removal of neighboring cells that have undergone apoptosis [34].

These mechanisms that ultimately lead to the regression of the gland are not synchronized in
the entirety of the gland of vizcachas. Whereas some lobules display their ductal network
disorganized and massive epithelial cell death, other lobules still show alveolar epithelial cells
with cytoplasmic fat droplets and alveoli and intralobular ducts with milk remains [15]. This
is consistent with the fact that, in natural involution, pups will continue to suckle intermittently
as they move to a solid diet. Therefore, in natural involution, mammary gland remodeling
proceeds in an unsynchronized fashion with different areas of the gland undergoing involution
at different times [34].

The values of circulating ovarian hormones and the expression of their receptors in regressing
mammary glands of L. maximus notoriously decrease compared to lactation and pregnancy
stages. It is almost as if it were a necessary condition to allow mammary gland to go through
the remodeling associated with this stage. Strikingly, our preliminary data show that GnRH
content at medial basal hypothalamus is higher during the regression stage compared to full
term pregnant vizcachas (1.2 ± 0.1 and 0.48 ± 0.08 pg/μg total proteins, respectively). This is
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very interesting considering a recent report published by Rieanrakwong and col. [37] that
shows that involution is also dependent on mammary gonadotropin-releasing hormone
expression that is suppressed by PRL during lactation.

4. Concluding remarks

Although other rodents, such as mice and rats, show an enhanced mammary gland develop-
ment toward the end of gestation, plains vizcachas also exhibit a pseudo-ovulation event at
midterm that causes a sharp rise in circulating progesterone and estradiol which correlates
with an augment in the expression of ERα, ERβ and PRLR in mammary glands. These events
correlate with the development of a more elaborated and differentiated ductal network and
pinpoint a possible relation between the hypothalamic-hypophyseal-gonadal reactivation axis
at mid-gestation and the accelerated mammary gland branching and alveolar differentiation
of L. maximus. Pseudo-ovulation at mid-gestation, which is thought to rescue distal fetuses
from selective abortion, influences a precocious development of the mammary gland, prepar-
ing females to face the nutritional demand of fully developed newborn in this seasonal-
breeding species.
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of L. maximus. Pseudo-ovulation at mid-gestation, which is thought to rescue distal fetuses
from selective abortion, influences a precocious development of the mammary gland, prepar-
ing females to face the nutritional demand of fully developed newborn in this seasonal-
breeding species.
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Abstract

Impact of light on animal behavior has been known for a long time—from 1925, Rowan
[30] showed that lighting conditions influence gonad activity in birds and the related
processes are controlled not only by means of intraorganic signals. Studies carried out
in subsequent years have established that,  also in mammals,  the gland reacting to
changes in light conditions is the pineal gland, producing a substance called melatonin.
Biosynthesis of melatonin in most animals studied to date occurs at a rhythm dependent
on  the  photocycle.  The  highest  concentrations  of  this  hormone—often  called  "the
hormone of darkness"—are recorded at night. Seasonal changes in melatonin secretion
conditioned by activity of the biological clock, known also as "biochemical calendar",
are the key signals in the annual reproductive cycles of animals exhibiting seasonality
of reproduction. Seasonality in sheep refers not only to the reproduction itself but also
to lactation. One of the main hormones conditioning initiation and maintenance of
lactation,  synthesis  of  milk  proteins,  fat  and  immunoglobulins  is  prolactin  (PRL),
secreted  primarily  by  lactotrophic  cells  in  the  adenohypophysis.  Prolactin  is  also
produced locally by the mammary gland—the hormone of this origin is identical to
prolactin secreted by the pituitary gland. Until now, it was considered that the level of
milk production in mammals is determined by both genetic and environmental factors.
However, in recent years, many studies focused on the role of light as a modulator of
prolactin levels. In livestock, changes in light-period length play a very important role
as  this  determines  their  productivity  and  milk  yield.  Photoperiod  is  particularly
important in short-day breeder animals (sheep), for which the length of light period is
associated with changes in melatonin level. The modulating effect of melatonin on
secretion of prolactin may take place via two different mechanisms. One is associated
with  the  circadian  rhythm,  wherein—directly  or  through  the  medium of  a  factor
popularly termed "tuberalin"—melatonin stimulates the release of prolactin. However,
this  effect  is  short-lived  and  is  most  likely  applicable  only  to  prolactin  stored  in
lactotrophic cells of the pituitary. The second mechanism regulating the secretion of
melatonin and prolactin is associated with the annual rhythms of secretion—melatonin,
due to its lipophilic characteristics, has a direct effect on the secretion of prolactin. Under
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natural conditions, the maximum concentration of prolactin in the blood of sheep is
observed over the long-day period, during which the melatonin level decreases. The
lowest prolactin concentration is observed over the short-day period, where melatonin
levels are at their highest. Changes in secretion of prolactin during lactation in sheep
undoubtedly affect the amount of milk produced.

Keywords: seasonality sheep, melatonin, length days, biological clock lactotropic and
metabolic hormone

1. Introduction

1.1. Genetic predispositions and impact of environmental factors on the lactation process
in sheep

1.1.1. Role of melatonin and the biological clock

Sheep are short-day breeders, in which the signal for onset of estrus occurs after the summer
solstice and is maintained until winter. Such a model of the reproductive cycle in which the
young ones are born in the spring provides favorable conditions for rearing lambs as this period
coincides with the time of abundance of food, thereby the young have time to put aside fat for
the winter. Seasonality of reproductive cycle in sheep is associated with the season and the day
length as  a  recurring reproductive  cycle  is  an endogenous rhythm,  encoded genetically.
Information on changes in photoperiod reaches the animal's organism through a multineural
tract. Much more studies confirm the presence of a molecular mechanism—located in the SCN
(suprachiasmatic nucleus) as well as in pars tuberalis (PT)—involved in decoding the melatonin
signal.

Both the SCN and PT host over a dozen genes of the circadian clock, such as Bmal1, Clock, Per1,
Per2, Cry1, Cry2A, Rev-erbα and CK1ε, which are mutually coupled [1, 2]. Most likely, the
summer and winter rhythm observable in sheep is conditioned by the biological clock genes.
Over 24 hours, changes in the melatonin profile affect the rhythmic changes in the expression
of these genes as evidenced by varying levels of clock genes mRNA in the PT and SCN. The
peak gene expression of Cry1 (Cryptochrome) gene occurs at twilight, together with the
increase in melatonin level, while expression of the gene Per1 (Period) is stimulated by
approaching dawn [3, 4]. In contrast to Cry1, Cry2 gene is not melatonin-induced [5]. On the
other hand, expression of the Per1 gene is melatonin-dependent as pinealectomy (surgical
removal of the pineal gland) blocks the rhythm of the Per1 gene in the PT, but does not affect
the expression of this gene in the SCN.

Studies have reported that repeated multiple injections of melatonin in animals previously
subjected to pinealectomy restore the cyclical transcription of Per1 in PT [6]. The results of
studies on biological clock genes in mammalian SCN showed that the BMAL1/CLOCK protein
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complex encoded by the genes of Bmal1, Clock induces activation of the Per1, Per2, Cry1, Cry2,
Rev-erbα genes [2]. Studies in sheep artificially subjected to a sudden light stimulus character-
istic of a long-day period have shown that the gene expression profile of Cry1 and Per1 mirrored
that occurring in natural conditions, i.e., expression of Cry1 increased at night, while that of
Per1 was rising during the day, indicating the presence of a rapid mechanism for regulation of
Cry1 and Per1 gene expression in response to a melatonin impulse [1].

The neurosensory receptor of circadian rhythm in mammals is the retina of the eye, through
which light stimuli are transmitted to the suprachiasmatic nucleus of the hypothalamus (SCN).
The pathway the light stimulus travels from the retina to the SCN is known as the retinohy-
pothalamic tract. Secretion of melatonin is a biochemical signal informing the body about
changes occurring in the external environment. Melatonin has lipophilic properties and is
secreted from the pineal gland by simple diffusion [7]. Because of a well-developed network
of blood vessels in the pineal gland, this hormone is released directly into the blood and
distributed throughout the entire organism. In animals sensitive to changes in day length, the
melatonin profile is a biochemical signal regulating the processes of reproduction and
lactation [8]. In sheep, which are short day breeders, seasonal changes in melatonin levels
inform the fetus of the environmental conditions.

A large number of MT1 melatonin receptors are present in pars tuberalis (PT) of sheep, while
no similar high concentration is noted in the tuberal region of the hypothalamus and in the
SCN. This suggests that melatonin may modulate the secretion of hormones secreted only in
the pars tuberalis [9, 10]. Increase in melatonin secretion in sheep is stimulated already within
1 or 2 hours after sunset and lasts until the onset of dawn. According to Misztal et al. (1999)
[11], the modulating effect of melatonin on prolactin (PRL) secretion could be explained by
two different mechanisms. One is linked to the circadian rhythm, which may either have direct
impact or act through the factor conventionally known as tuberalin. However, this effect is
short-lived and most likely is only applicable to prolactin stored in the lactotropic cells of the
pituitary. It is possible that tuberalin activates the expression of the prolactin gene in lactotropic
cells [9]. The second mechanism modulating melatonin secretion is related to the annual
rhythm of secretion—this means that melatonin, due to its lipophilic properties, has a direct
effect on the lactotrophic cells of the pituitary and thus also impacts the secretion of prolactin
[11, 12]

1.1.2. Role of prolactin and the growth hormone (GH)

Changes in melatonin and prolactin profiles in sheep are closely interlinked. Regulation of
PRL secretion by melatonin may occur via two different mechanisms. In the case of the
circadian rhythm mechanism, melatonin may directly affect PRL secretion—this option
applies to the hormone stored in the lactotropic cells; the process may also be mediated by the
aforementioned peptide—tuberalin, which activates PRL gene expression in lactotropic cells
of the anterior pituitary [9]. In contrast, the process of annual PRL secretion rhythm is directly
induced by melatonin that—due to its lipophilic nature—affects the lactotropes [13]. Synthesis
of prolactin occurs in the anterior pituitary in the lactotropic cells. The main role of PRL is to
initiate and control processes such as mammogenesis, lactogenesis, galactopoesis and involu-
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tion. Moreover, this hormone plays an important role in biosynthesis of milk proteins (β-casein,
α-lactalbumin, lactose). It has been shown that in sheep, the daily and seasonal rhythms of
PRL and melatonin are characterized by volatility. Changes in prolactin levels throughout the
day are strongly associated with the season. Increases in PRL concentration in the spring are
observed at dawn and before dusk. In the summer, the peak level is recorded halfway through
the dark cycle, while the autumn PRL profile is characterized by a spike in the first half of the
photoperiod and near its end. In short-day breeders, such as sheep, the seasonal lengthening
of day-light hours (spring, summer) resulting in a short melatonin signal (4–8 hours a day)
does not inhibit the secretion of PRL, while in autumn and winter, a long-lasting melatonin
impulse (>10 hours per day) causes a decrease in prolactin concentration [6, 14]. Melatonin
modulates PRL secretion also through the intermediary of dopamine. The neurotransmitter
stimulates PRL secretion acting through dopamine D1 receptors and inhibits the secretion of
this hormone via its effect on dopamine D2 receptors. The presence of seasonal changes in
melatonin and prolactin profiles was also confirmed by tests carried out on sheep kept for dairy
purposes. It has been shown that key factors affecting milk yield in ewes are changes in the
photoperiod. It has been found that milk yield in females entering lactation during the day-
light lengthening season is by far (50%) higher than that in animals starting milk synthesis in
short-day conditions [15]. The reaction to the shortening of the photoperiod was an increase
in melatonin levels, decrease in PRL concentration and lower milk yield. Subjecting sheep to
conditions of artificially prolonged day-light cycle (16L:8D) resulted in light-induced inhibi-
tion of melatonin synthesis in the pineal gland. Decrease in PRL concentration and lower milk
yield were observed simultaneously. Thus, the artificial prolongation of the photoperiod
during short-day season is not enough to maintain lactation in seasonal sheep [10, 14, 16, 17].
Previous observations indicate that such processes as mammogenesis, lactogenesis, galacto-
poesis and involution in sheep require the presence of multiple factors, strongly interdepend-
ent. Milk production is based on the impact of a number of factors and day length, as well as
changes in PRL profile are only some of many [18]. An important role is also played by the
somatotropic system (GH, IGF-1). The growth hormone, similar to PRL, is produced in the
anterior pituitary and is involved in synthesis of proteins and fatty acids; it also lowers the
concentration of glucose in the blood and is partly responsible for synthesis and secretion of
prolactin [19]. Increase in concentration of the GH is stimulated by the "suckling factor"—
higher growth hormone levels are observed at the beginning of lactation. Studies carried out
on sheep have shown that changes in concentration of both the GH and PRL are dependent
on the length of day and are linked to changes in the profile of pineal melatonin. Periodic
changes in melatonin levels result in rhythmic inhibition of PRL secretion [20]. It is known that
during lactation, under the impact of suckling, the GH and PRL levels in the blood are boosted
[19]. Increase in GH secretion during lactation is controlled by GHRH and endogenous opioids.
Recently, attention has been drawn to a compound, derivative of dopamine, known as
salsolinol—it has been shown that concentration of this substance increases in the case of
various dysfunctions in the dopaminergic system. Salsolinol stimulates the release of PRL in
rodents and ruminants. In lactating sheep, the presence of salsolinol was confirmed in MBH
and increase in its concentration in response to suckling was recorded [21]. Salsolinol admin-
istered to the third ventricle of the brain during lactation increases prolactin concentration.
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modulates PRL secretion also through the intermediary of dopamine. The neurotransmitter
stimulates PRL secretion acting through dopamine D1 receptors and inhibits the secretion of
this hormone via its effect on dopamine D2 receptors. The presence of seasonal changes in
melatonin and prolactin profiles was also confirmed by tests carried out on sheep kept for dairy
purposes. It has been shown that key factors affecting milk yield in ewes are changes in the
photoperiod. It has been found that milk yield in females entering lactation during the day-
light lengthening season is by far (50%) higher than that in animals starting milk synthesis in
short-day conditions [15]. The reaction to the shortening of the photoperiod was an increase
in melatonin levels, decrease in PRL concentration and lower milk yield. Subjecting sheep to
conditions of artificially prolonged day-light cycle (16L:8D) resulted in light-induced inhibi-
tion of melatonin synthesis in the pineal gland. Decrease in PRL concentration and lower milk
yield were observed simultaneously. Thus, the artificial prolongation of the photoperiod
during short-day season is not enough to maintain lactation in seasonal sheep [10, 14, 16, 17].
Previous observations indicate that such processes as mammogenesis, lactogenesis, galacto-
poesis and involution in sheep require the presence of multiple factors, strongly interdepend-
ent. Milk production is based on the impact of a number of factors and day length, as well as
changes in PRL profile are only some of many [18]. An important role is also played by the
somatotropic system (GH, IGF-1). The growth hormone, similar to PRL, is produced in the
anterior pituitary and is involved in synthesis of proteins and fatty acids; it also lowers the
concentration of glucose in the blood and is partly responsible for synthesis and secretion of
prolactin [19]. Increase in concentration of the GH is stimulated by the "suckling factor"—
higher growth hormone levels are observed at the beginning of lactation. Studies carried out
on sheep have shown that changes in concentration of both the GH and PRL are dependent
on the length of day and are linked to changes in the profile of pineal melatonin. Periodic
changes in melatonin levels result in rhythmic inhibition of PRL secretion [20]. It is known that
during lactation, under the impact of suckling, the GH and PRL levels in the blood are boosted
[19]. Increase in GH secretion during lactation is controlled by GHRH and endogenous opioids.
Recently, attention has been drawn to a compound, derivative of dopamine, known as
salsolinol—it has been shown that concentration of this substance increases in the case of
various dysfunctions in the dopaminergic system. Salsolinol stimulates the release of PRL in
rodents and ruminants. In lactating sheep, the presence of salsolinol was confirmed in MBH
and increase in its concentration in response to suckling was recorded [21]. Salsolinol admin-
istered to the third ventricle of the brain during lactation increases prolactin concentration.
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Salsolinol antagonist is a compound called 1-MeDIG—this substance inhibits the release of
PRL and cancels the stimulatory impact of the "suckling factor" on PRL secretion in rats. A
similar effect was observed in sheep in which 1-MeDIQ acts directly on the central nervous
system [22]. The compound inhibits the increase in the level of noradrenaline (NA), which acts
as a mediator between salsolinol and GH. Interestingly, 1-MeDIQ does not affect the changes
in GH concentration induced by stimulation of the mammary gland during suckling. In sheep,
both over the period of lamb rearing and beyond, PRL levels decreased after 1-MeDIG was
administered. It was proven experimentally that salsolinol has no direct influence on GH
profile during lamb rearing. However, in rats subjected to simultaneous administration of both
salsolinol and 1-MeDIQ, no statistically significant changes in pituitary hormone levels were
observed with the exception of prolactin.

1.1.3. Role of metabolic hormones

The role of metabolic hormones in the process of lactation has garnered a lot of attention. An
important role in initiating and maintaining lactation in small ruminants is played by the
thyroid hormones, ghrelin and orexin. The production capacity of animals (milk yield, growth
and development, coat growth) is largely dependent on proper functioning of the thyroid
hormones. These hormones influence also the processes of reproduction in many species of
animals, including sheep and goats [23]. In seasonal species, T4 and T3 are obligatory for the
annually recurring termination of reproductive activity [24, 25]. Thyroxine in sheep with
normally functioning thyroid will shorten the reproductive period and quicken the transition
into anoestrus. Thyroxine level peaks in ewes in early pregnancy and decreases just before
lambing and after the offspring is born. The level of thyroid hormones in sheep varies
throughout lactation. At the start of the process, concentration of these substances is low [26];
however, over time, the thyroxine concentration increases. It has been shown that thyroid
hormones, especially tri-iodothyronine, have a suppressive effect on expression of the
prolactin gene, which can translate into milk yield as well. An important role in lactation
belongs to calcitonin and the parathyroid hormone, responsible for modulation of phosphorus
(P) and calcium (Ca) levels. Concentration of these elements in milk has major impact on the
chemical composition of the product. The presence of the parathyroid hormone is essential for
calcium absorption from the gastrointestinal tract; it also enhances synthesis of active D3 (1,25-
di-hydroxycalciferol) that stimulates the process of calcium binding by proteins. It has been
experimentally demonstrated that thyroid hormone secretion is correlated with day length in
sheep. In vitro studies in thyroid gland explants showed higher levels of thyroxine under short-
day conditions and lower in the season of elongating photoperiod (spring), while T3 reached
higher levels in the summer and lower when the photoperiod was shortening. In addition,
there was an increase in T3 concentration induced by exogenous melatonin [25]. Productivity
of the animals depends not only on the level of nutrition, environmental factors and their
genetic potential. Thyroid hormones are an important link in the key stages of life (reproduc-
tion and lactation) of all living organisms [27]. Orexin A is of particular importance in the
reproductive process of animals sensitive to changes in day length. The process of initiating
and maintaining lactation in sheep requires the presence of many hormones. Defining the role
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of orexin in regulating their secretion, especially that of prolactin, may allow to better under-
stand the process of maintaining lactation in sheep, in particular over short-day period.

2. Influence of day length and melatonin on milking yield

Changes in day length and the related secretion of melatonin and prolactin are of particular
significance in sheep as they determine reproductive processes, the last stage of which is
lactation. The possibility of artificial extension of the milking period in late-lambing ewes by
application of prolonged day length, 16 hours of light—8 hours of darkness (16L:8D), was
introduced additionally (Group III). Measurements of plasma levels of prolactin and mela-
tonin were used as parameters of season-dependent hormonal regulation of milk produc-
tion in this seasonally breeding species [28]. Lambs remained with their mothers up to 56th
day of life. Then lambs were separated from their mothers, which were allocated to the
milking. During milking period, ewes were milked twice a day using Alfa-Laval machine.
Individual milk yield checks were carried out every 10 days. From the 20th day of lactation
to the end of this process, the blood samples were carried out from each sheep every 30
days to determine concentration of melatonin and prolactin. Blood sampling started after
sunset and continued for 6 consecutive hours with a frequency of every 60 minutes. Blood
after collection were centrifuged and the resulting plasma was stored at temperature −20°C
until analysis. Hormones have been determined by radioimmunologically (RIA) method.
During lambs’ rearing period, sheep produced similar quantities of milk, since ewe Group 1
produced 48.2 ± 12.9 liters whereas Group II produced 42.4 ± 16.4 liters. Higher productivity
was observed in Group III 60.5 ± 16.6 liters, which was kept in artificial light conditions. The
observed differences were statistically insignificant. Distinct differences in milk yield were

Groups of

sheep

Milk yield of the first

28 days of lactation (l)

Total length

of lactation (days)

Days of

milking (days)

Milk production

during milking (l) SEM  SEM  SEM  SEM

Group I

Sheep lambed

in January

48.2 2.3 177 8.6 102 4.8 33.0 3.6

Group II

Sheep lambed

in June

42.4 3.1 147 3.5 77 4.0 16.8 1.4

Group III

Sheep lambed

in June (16L:8D)

60.5 3.2 160 4.1 90 3.9 21.2 1.7

Table 1. Parameters characterizing lactation duration and efficiency of Polish Longwool sheep lambing in January
(Group I), in June, kept under natural lighting conditions (Group II) and in June, kept under the long-artificial photo-
period (16L:8D, Group III). See text for statistical comparisons.
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observed between the groups of sheep milk in the period of use. The highest milk yield of
33.0 ± 11.2 liters was found in Group I, while Group II produced only 16.8 ± 4.4 liters, the
obtained differences were statistically significant (P ≤ 0.01). Mothers who remained in artifi-
cial light conditions (Group 3) produced 21.2 ± 5.5 liters of milk (Table 1). The results of the
total lactation length and days of milking show conclusively that the lactation period in
Group I was significantly longer than that in Groups II and III (P < 0.05, Table 1). Analysis
of the course of lactation with regard to the mean amount of milk obtained in particular
months of milk use revealed that the milk yield of Group I in the first month of milking
(0.43 ± 0.09 liters/day) was similar to the milk yield of Group III (0.42 ± 0.07 liters/day), with
only 0.18 ± 0.08 liters/day in Group II (P < 0.01, Figure 1, Tables 2–4).

Figure 1. Mean monthly milk yield of Polish Longwool sheep lambed in January (Group I), in June, kept under natural
lighting conditions (Group II) and in June, kept under the long-artificial photoperiod (16L:8D, Group III), during the
milking period. See text for statistical comparisons.

Months II III IV V VI VII VIII IX

MLT (pg/ml) 
SD

168.5
137.3

85.5
45.3

132.8
112.6

133.5
113.0

77.
38.9

73.3c

50.1
124.7
100.6

91.3
42.2

PRL (ng/ml) 
SD

128.6
46.3

102.8
33.8

156.5
18.1

312.6r

45.2
185.7
54.7

247.0j

60.9
151.6
43.9

43.9
33.1

Milk (l) 
SD

– – – 0.43
0.08

0.35
0.05

0.19
0.04

0.08
0.04

0.01
–

Table 2. Mean (±SEM) and SD of plasma melatonin and prolactin and milk concentrations in sheep lambed in January
(Group I). See text for statistical comparisons.
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Months VII VIII IX X XI

MLT (pg/ml) 
SD

61.1

28.5

87.8

45.5

82.3

45.0

77.5

46.1

93.2a

57.4

PRL (ng/ml) 
SD

234.0

39.5

124.6

48.8

60.5

31.1

30.8

17.7

16.8

10.4

Milk (l) 
SD

– 0.18

0.05

0.12

0.03

0.07

0.01

0.04

0.01

Table 3. Mean (±SEM) and SD of plasma melatonin and prolactin and milk concentrations in sheep lambed in June
kept under natural lighting conditions (Group II). See text for statistical comparisons.

Months VII VIII IX X XI

MLT (pg/ml) 
SD

41.0a

19.7

60.4

39.8

17.6

27.6

4.4

4.1

17.0

15.5

PRL (ng/ml) 
SD

278.8

55.3

132.7

57.4

147.9

82.4

84.3

42.5

38.3

25.2

Milk (l) 
SD

– 0.42

0.07

0.28

0.05

0.19

0.03

0.09

0.02

Table 4. Mean (±SEM) and SD of plasma melatonin and prolactin and milk concentrations in sheep lambed in June and
kept under the long-artificial photoperiod (Group III, 16L:8D, bottom). See text for statistical comparisons.

2.1. Secretion melatonin and prolactin in day length

The highest melatonin level in Group I determined in February was 168.5 ± 137.3 pg/ml, while
prolactin level at this time was 128.6 ± 46.3 ng/ml. The highest prolactin concentration deter-
mined in May was 312.6 ± 45.2 ng/ml, further growth of prolactin level in July was 247.0 ± 60.9
ng/ml and the resulting differences were statistically significant (P ≤ 0.05) compared to the level
of the hormone in other administrations. With the lengthening of lactation and changes in day
length light from August to September significantly decreased prolactin level from 151.6 ± 43.9
ng/ml to 43.9 ± 33.1 ng/ml and increased levels of melatonin. In August, the concentration of
melatonin was the highest and amounted to 124.7 ± 100.6 pg/ml, while sheep milk production
has decreased to a level of 0.08 ± 0.02 liters per day. In the last month of lactation, melatonin
level was 91.3 ± 42.2 pg/ml and sheep milk production at this time was only 0.01 ± 0.02
liters/day (Figure 4, Table 4). The increase in melatonin levels from July to September of 33.4
pg/ml was accompanied by a decrease in prolactin level of 107.7 ng/ml. At that time, there was
a decrease in the secretion of milk by an average of 0.11 liters/day (Table 2).

2.2. Secretion melatonin and prolactin in short days

In the case of Group II, the highest level (234.0 ± 39.5 ng/ml) of prolactin was also determined
in July and the melatonin concentration in this period was the lowest (61.1 ± 28.5 ng/ml). With
the shortening of the light day, prolactin secretion was decreasing and the level of this hormone
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was lower by 25.8% in September compared to the level observed in July. A clear decrease in
prolactin level observed during the last 2 months of lactation, i.e, October and November was
30.8 ± 17.7 ng/ml and 16.8 ± 10.3 ng/ml, respectively. In July, as previously indicated, the lowest
concentration of melatonin was 61.1 ± 28.5 pg/ml, differing significantly (P ≤ 0.05) to the
identified levels of this hormone in November (93.2 ± 57.4 ng/ml). Changes in the concentration
of melatonin and prolactin during the shorter photoperiod influenced the parameters of sheep
milk production, causing a drop in milk yield by 22.2% between August and November
(Table 3). The results obtained in Group III showed that the highest level of prolactin found
in July was 278.8 ± 55.3 ng/ml and much lower in September, 147.9 ± 82.4 ng/ml; however, it
was higher than the level of prolactin identified in August, 132.7 ± 57.4 ng/ml. The resulting
differences in the levels of prolactin in the month of July, August and September were
statistically significant (P ≤ 0.05). Despite ensuring that this group of animals underwent 16-
hour lighting intensity of 200 lux, the concentration of prolactin from September to November
reduced (Table 4).

The sheep of all groups produced similar amounts of milk during the first 28 days of lactation
as estimated based on the weight gains of the lambs. The study results showed that the shift
in lambing date—from winter to summer—had a negative effect on milk production param-
eters in ewes. Sheep that gave birth in January and were used for dairy purposes over the long-
day period produced 50% more milk than ewes that gave birth in June and were then milked
as the day length was gradually decreasing. Lactation in sheep milked in the summer-time
was significantly longer than that in sheep milked when the photoperiod duration was
shortening. Day length had no effect on milk yield in the period of rearing lambs (i.e., 28 days).
Monitoring of hormone levels (prolactin and melatonin) in sheep during lactation allowed to
conclude that secretion of melatonin in the fall months increased, while prolactin secretion was
decreased over the same period. The increase in melatonin level during the shortening of the
day in the Polish Longwool sheep reduces prolactin secretion and inhibition of the synthesis
of milk. Introduction of artificial light conditions during the shortening of the photoperiod is
not enough to maintain secretion of prolactin in ewes at a level that allows to maintain lactation
in the autumn.

Length of illuminating day, but especially profile of melatonin has a particular meaning in
sheep, because decidate of trial procreative with last stage physiology that last stage physiol-
ogy reproduction is lactation. [18]. As the many physiological processes also the reproductive
cycle is genetically encoded in the sheep. The course of this cycle is reflected by the seasonal
changes in the secretory activity of the hypothalamopituitary gonadotropic GnRH-LH system.
Sustaining of the proper duration of this cycle requires, however, constant and periodically
repeated factors which enable the synchronization of the physiological processes with a
suitable season of the year. Thus, the day length plays the most important role in this aspect.
The information about the day length reaches the organism as the biochemical signal generated
by the pineal gland via the nocturnal secretion of melatonin. The seasonal changes in the
duration of melatonin secretion are of great importance in the modulation of sexual activity
and lactation in the sheep with the inherent traits of seasonality. The dependence of milk yield
and the duration of lactation on melatonin and prolactin secretion are also demonstrated in
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seasonal and aseasonal breeds of sheep lambed during the different seasons of the year. The
putative mechanisms of melatonin action on luteinizing hormone and prolactin secretion are
also demonstrated with reference to the melatonin-binding sites in the sheep central nervous
system and pituitary gland [29].

2.3. Influence of day length and melatonin in prolactin secretion and growth hormone in
suckling sheep

The effects of melatonin on the secretion of prolactin (PRL) and growth hormone (GH) were
studied in ewes’ nursing lambs (Polish Longwool, n = 20) under different photoperiods (March
and November). The animals were divided into four groups: (a) (LDC—long-day control
group, n = 5), (b) melatonin-treated (LDM—long-day group, n = 5), (c) (SDC—short-day control
group, n = 5) and (d) (SDM—short-day melatonin, n = 5). Blood samples were collected from
ewes 5 days after lambing. Four blood collections were performed at 10-day intervals, over a
40-day time period. Sampling started at sunset and continued for 6 hours at 20-minute
intervals. Melatonin implants (exogenous melatonin) were inserted in ewes of the LDM and
SDM groups after first blood collection. The plasma concentrations of PRL and GH were
assayed using RIA. In ewes from the LDC group, the mean plasma PRL concentration increased
gradually, reaching a significantly (P < 0.001) higher level, after 3 weeks. In contrast, in the
LDM group, PRL concentration decreased significantly (P < 0.001) following 10 days, com-
pared to that in ewes from the LDC group. The mean plasma GH concentration was signifi-
cantly (P < 0.001) higher in the LDC group than that in the LDM group, the for the entire
experimental period during the experimental period. In the SDC and SDM groups, plasma
PRL concentrations did not decrease significantly (P < 0.001) 2 weeks after the onset of the
experiment and did not differ significantly between these groups. The mean plasma GH
concentration increased significantly (P < 0.001) in the SDM group compared with the SDC
group only after the third week. The mean plasma GH concentration in the SDM group and
the SDC group reached a similar level by the end of the trial. It would appear that melatonin
may effectively inhibit PRL secretion in nursing ewes during long photoperiod and stimulate
GH release during short photoperiod. The inhibition of PRL secretion in nursing ewes during
increasing photoperiod (long days) occurs, despite the strong stimulation of suckling. At the
onset of the experiment, the mean plasma PRL concentrations in the LDC and LDM groups
were similar (193.2 ± 10.9 and 192.3 ± 8.7 ng/ml, respectively) (Figure 2). During the subsequent
collection (second), the PRL concentration in the LDC group was 166.2 ± 8.0 ng/ml; however,
in the LDM group a significant decrease in the plasma PRL concentration was recorded as 56.5
± 4.2 ng/ml (P < 0.001). During this time, the mean concentration of PRL in LDC ewes was
significantly higher (P < 0.001) than the LDM ewes (Figure 2). The mean concentration
continued to increase as day length (photoperiod) increased.

During the decreasing day length period, the PRL secretion profile was similar in SDC and
SDM groups (Figure 2). In both groups, there was a significant (P < 0.05) decrease in plasma
of PRL concentration in during the third week of lactation (14.7 ± 1.4 and 12.6 ± 1.0 ng/ml)
compared with the initial concentration (60.6 ± 7.3 and 53.4 ± 6.0 ng/ml, respectively). No
differences in PRL plasma concentrations were recorded between the SDC and SDM groups.
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were similar (193.2 ± 10.9 and 192.3 ± 8.7 ng/ml, respectively) (Figure 2). During the subsequent
collection (second), the PRL concentration in the LDC group was 166.2 ± 8.0 ng/ml; however,
in the LDM group a significant decrease in the plasma PRL concentration was recorded as 56.5
± 4.2 ng/ml (P < 0.001). During this time, the mean concentration of PRL in LDC ewes was
significantly higher (P < 0.001) than the LDM ewes (Figure 2). The mean concentration
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During the decreasing day length period, the PRL secretion profile was similar in SDC and
SDM groups (Figure 2). In both groups, there was a significant (P < 0.05) decrease in plasma
of PRL concentration in during the third week of lactation (14.7 ± 1.4 and 12.6 ± 1.0 ng/ml)
compared with the initial concentration (60.6 ± 7.3 and 53.4 ± 6.0 ng/ml, respectively). No
differences in PRL plasma concentrations were recorded between the SDC and SDM groups.
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Figure 2. Mean plasma PRL concentrations in nursing-sheep lambing (LDC—a long-day control and LDM—a long-day
melatonin-treated group, SDC—a short-day control and SDM—a short-day melatonin-treated group). See text for stat-
istical comparisons.

Figure 3. Mean plasma PRL concentrations in nursing-sheep lambing (LDC—a long-day control and LDM—a long-day
melatonin-treated group, SDC—a short-day control and SDM—a short-day melatonin-treated group). See text for stat-
istical comparisons.

The mean plasma GH concentration was significantly (P < 0.001) higher in the LDC group
than the LDM group for the entire trial period. It was also observed that a gradual decrease
in GH concentration took place in both groups (Figure 3). The mean GH concentrations in
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SDC and SDM ewes were at a similar level up to the second time of blood collection day
(Figure 3). The only significant (P ≤ 0.001) rise in plasma GH secretion was recorded in the
third week of lactation in the SDM group (12.23 ± 5.36 ng/ml) compared with the SDC
group (6.58 ± 2.36 ng/ml).

In conclusion, the long-term treatment with exogenous melatonin of early-lactating sheep
reduced the PRL secretion during the increasing photoperiod, despite strong stimulation by
suckling. Moreover, in nursing ewes, melatonin stimulated GH secretion during the short
photoperiod. It can therefore be assumed that melatonin may be indirectly affected by the level
of milk production in sheep, especially following the nursing period.

3. Influence of metabolic hormones on prolactin secretion in lactation sheep

3.1. Role of orexin

Studies on the role of orexin A in the control of prolactin (PRL) and growth hormone (GH)
secretion in rodents have produced inconsistent results. Orexin A may play a special role in
animals’ sensitivity such as sheep to the day length changes. The aim of the study was to
determine the role of orexin A in the control of prolactin secretion and growth hormone in
sheep during different photoperiods. In vitro studies were carried out on 10 Polish Long-
wool ewes on 30 days of lactation during long photoperiod (May, LD, n = 5) and short pho-
toperiod (December, SD, n = 5). After rearing lambs to 30 days of age, ewes were
decapitated and the pituitaries were dissected and then cut along the longitudinal fissure
into two halves, so that each half contained the glandular and nervous parts. Pituitary
glands were collected and divided along the longitudinal fissure into two halves. Glands
were incubated for 3 hours at 37°C in Parker medium with addition of orexin A—experi-
mental group or in medium alone—control group. During the following 3-hour incubation,
medium was exchanged every 15 minutes and a sample of 1 ml was collected and immedi-
ately frozen at −80°C until assay. Prolactin concentrations in the medium were determined
radioimmunologically (RIA).

In the long-day conditions (May), the pituitary explants of lactating sheep exhibited the
strongest secretory activity during the first hour of incubation—significantly higher in orexin-
treated group (O1) than the control group (K1), (P < 0.01). During the second hour of the
incubation, PRL concentration decreased and reached the similar values in both groups.
During the third hour, PRL concentration in O1 group was again significantly higher than that
noted in K1 group (P < 0.01). In the short-day conditions (December), PRL concentration was
significantly higher in orexin-treated group O2 during the first hour of incubation than the
value observed in the control group—K2 (P < 0.01). The inverse relationship in prolactin release
was observed during the second hour of incubation (P < 0.01), however, during the third hour,
PRL concentration was again significantly higher in O2 group than the concentration noted in
K2 group (P < 0.05). Collective analysis of the data showed that PRL concentrations were higher
in experimental groups (O1 and O2) than the concentrations noted in control groups (K1 and
K2) under both the long (May) and short (December) photoperiods (Figure 4).

Current Topics in Lactation32



SDC and SDM ewes were at a similar level up to the second time of blood collection day
(Figure 3). The only significant (P ≤ 0.001) rise in plasma GH secretion was recorded in the
third week of lactation in the SDM group (12.23 ± 5.36 ng/ml) compared with the SDC
group (6.58 ± 2.36 ng/ml).

In conclusion, the long-term treatment with exogenous melatonin of early-lactating sheep
reduced the PRL secretion during the increasing photoperiod, despite strong stimulation by
suckling. Moreover, in nursing ewes, melatonin stimulated GH secretion during the short
photoperiod. It can therefore be assumed that melatonin may be indirectly affected by the level
of milk production in sheep, especially following the nursing period.

3. Influence of metabolic hormones on prolactin secretion in lactation sheep

3.1. Role of orexin

Studies on the role of orexin A in the control of prolactin (PRL) and growth hormone (GH)
secretion in rodents have produced inconsistent results. Orexin A may play a special role in
animals’ sensitivity such as sheep to the day length changes. The aim of the study was to
determine the role of orexin A in the control of prolactin secretion and growth hormone in
sheep during different photoperiods. In vitro studies were carried out on 10 Polish Long-
wool ewes on 30 days of lactation during long photoperiod (May, LD, n = 5) and short pho-
toperiod (December, SD, n = 5). After rearing lambs to 30 days of age, ewes were
decapitated and the pituitaries were dissected and then cut along the longitudinal fissure
into two halves, so that each half contained the glandular and nervous parts. Pituitary
glands were collected and divided along the longitudinal fissure into two halves. Glands
were incubated for 3 hours at 37°C in Parker medium with addition of orexin A—experi-
mental group or in medium alone—control group. During the following 3-hour incubation,
medium was exchanged every 15 minutes and a sample of 1 ml was collected and immedi-
ately frozen at −80°C until assay. Prolactin concentrations in the medium were determined
radioimmunologically (RIA).

In the long-day conditions (May), the pituitary explants of lactating sheep exhibited the
strongest secretory activity during the first hour of incubation—significantly higher in orexin-
treated group (O1) than the control group (K1), (P < 0.01). During the second hour of the
incubation, PRL concentration decreased and reached the similar values in both groups.
During the third hour, PRL concentration in O1 group was again significantly higher than that
noted in K1 group (P < 0.01). In the short-day conditions (December), PRL concentration was
significantly higher in orexin-treated group O2 during the first hour of incubation than the
value observed in the control group—K2 (P < 0.01). The inverse relationship in prolactin release
was observed during the second hour of incubation (P < 0.01), however, during the third hour,
PRL concentration was again significantly higher in O2 group than the concentration noted in
K2 group (P < 0.05). Collective analysis of the data showed that PRL concentrations were higher
in experimental groups (O1 and O2) than the concentrations noted in control groups (K1 and
K2) under both the long (May) and short (December) photoperiods (Figure 4).

Current Topics in Lactation32

Figure 4. Mean concentrations of prolactin in control and orexin A-treated pituitary explant cultures during long-day
(LD) and short-day (SD) photoperiods. See text for statistical comparisons.

GH release from the pituitary explants during the long-day conditions was maintained on
significantly higher level in orexin-treated group O1 than control K1 group (P < 0.05), through-
out the whole period of the incubation. In contrast, during the short-day period, GH release
from the explants was significantly less in orexin-treated group O2 than that in the control K2
group (P < 0.05). The suppressive effect of orexin was observed during 2 hours. Collective
analysis of the data showed that GH concentrations were higher under long-day conditions
than under short-day conditions (Figure 5).

Figure 5. Mean concentrations of growth hormone in control and orexin A-treated pituitary explant cultures during
long-day (LD) and short-day (SD) photoperiods. See text for statistical comparisons.
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The results of experiments performed on lactating sheep, i.e., animals with strong seasonality
characteristics, are difficult to compare with others, however, in ewes as in rodents, orexin A
is able to stimulate PRL secretion due to its direct effect on the lactotropic cells. The slight
response of ovine pituitary glands to orexin during short days is probably due to the insensi-
tivity of lactotropic cells to the orexin signal. The initiation and maintenance of lactation in
sheep require the presence of many hormones, where PRL and GH seem to be the most
important. Studies on lactating sheep showed that the ewes starting lactation during the period
of increasing day length produced 50% more milk compared with sheep milked during the
decreasing day length [15]. When June-lambed ewes were kept under artificial conditions of
the long day (16L:8D), PRL level decreased as the natural length of a day became shorter. The
fact that pituitary cells become refractory to over-repeated summer signal of the darkness
hormone (melatonin) makes it impossible to lengthen lactation in sheep in the autumn-winter
period [15]. Determining the role of orexins, especially orexin A, in regulating prolactin
secretion may help to clarify the process of lactation maintenance in sheep, especially during
the decreasing photoperiod. In conclusion, our results obtained on the pituitary explants
demonstrated that the pituitary tissue of lactating sheep was sensitive to photoperiod and
orexin A. We conclude that the secretion of PRL and GH from the ovine pituitary gland is
negatively responsive to orexin A during SD, whereas orexin may stimulate PRL and GH
secretion during LD. Further studies investigating orexin—PRL and GH interactions are
needed.

3.2. Role of TRH

Recently, it was observed that TRH has a role to play in the initiation and maintenance of
lactation in small ruminants. The aim of the performed study was to determine the impact of
the TRH factor on secretion of prolactin in lactating sheep. In vitro studies were carried out on
10 animals. The pituitary gland of each sheep was collected at day 40 of lactation. In vitro
incubations were performed on 12 microwell plates in Parker medium for 1 hour at 37°C. One
half of the gland was incubated in pure Parker medium (control group), while the second (test
group) half was incubated in Parker medium conditioned with exogenous TRH (TRH con-
centration—36 ug/100 ml medium). The medium was administered every 15 minutes and
collected from the wells; in each case, 1 ml of medium was administered. The first 15 minutes
served as blank and both halves of the pituitary remained in the same medium; the aim was
to stabilize the secretory function of lactotropic cells. Prolactin measurements were made using
RIA method. The tests carried out have demonstrated a stimulating impact of the TRH factor
on secretion of prolactin. In the first 15 minutes of incubation, PRL concentration in the control
group was 81.83 ± 11.4 pg/ml and was significantly (P ≤ 0.05) lower than the concentration
(87.48 ± 11.6 pg/ml) observed in the test group. After 30 minutes of incubation, the control
group showed significantly (P ≤ 0.05) lower prolactin level (74.04 ± 10.03 pg/ml) than the group
with TRH-enriched medium (79.9 ± 10.6 pg/ml). After 45 minutes of incubation, the concen-
tration of PRL in the control group was 59.66 ± 9.4 mg/ml and it was significantly (P ≤ 0.01)
lower than that in the experimental group (10.2 ± 65.47 mg/ml) (Figure 6).
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Figure 6. Mean concentrations of prolactin in control and TRH-treated pituitary explant cultures during long-day. See
text for statistical comparisons.

3.3. Role of ghrelin

The process of initiation and maintenance of lactation in sheep requires the presence of a
number of hormones. The aim of this study was to determine the role of ghrelin in the
regulation of prolactin secretion in lactating sheep, based on the culture of in vitro pituitary.
The study was conducted in May—long-day period. Pituitary was collected from 10 sheep on
day 30 of lactation and divided along the longitudinal grooves so that each contains half of the
glandular part and nerves. Incubations were carried out in vitro pituitary in 12 well plates for
1 hour at 37°C. The control group was incubated in a clean Parker medium and experimented
in medium supplemented with exogenous ghrelin. The concentration of prolactin in the
medium was determined by RIA method. The study showed stimulatory effect of ghrelin on
the secretion of prolactin. The tests demonstrated a modulating effect of ghrelin on secretion
of prolactin. Significant (P ≤ 0.05) increase in prolactin secretion after 30 minutes of incubation
in the test group (89.6 ± 18.1 mg/ml) compared with the control group (73.6 ± 17.4 mg/ml) was
noted. After 45 minutes of incubation, the concentration (69 ± 15.2 mg/ml) of prolactin in the
test group was significantly (P ≤ 0.05) lower than the concentration (77.2 ± 17.6 mg ml) in the
control group. After 60 minutes, prolactin level was significantly lower at P ≤ 0.05 in the test
group (46.3 ± 8.4 mg/ml) than that in the control group (51.8 ± 9.6 mg/ml) (Figure 7). The results
of studies conducted have demonstrated a modulating impact of ghrelin on secretion of
prolactin. While increase in prolactin secretion during the incubation period was observed,
reduction in prolactin secretion has been recorded in the test group. Administration of
exogenous ghrelin during the period of physiologically high prolactin concentration in
lactating sheep has not given a clear answer as to whether ghrelin stimulates the secretion of
prolactin. The results suggest, therefore, that ghrelin does not directly affect the secretion of
prolactin from the pituitary. The hitherto obtained test results showed that the effects of ghrelin

Role of Melatonin and the Biological Clock in Regulating Lactation in Seasonal Sheep
http://dx.doi.org/10.5772/66208

35



may be dependent on the species of animals. In the case of sheep, seasonal breeders, the
mechanism of ghrelin activity is complicated. As revealed by the studies in lactating sheep,
administration of exogenous ghrelin modulates the secretion of prolactin.

Figure 7. Mean concentrations of prolactin in control and ghrelin-treated pituitary explant cultures during long day.
See text for statistical comparisons.

4. Summary

In seasonal animals, the process of triggering and maintaining lactation requires numerous
hormones. The interaction of growth factors and other hormones is necessary in processes such
as mammogenesis, lactogenesis and galactopoiesis. Due to the proper synchronization of
pregnancy and changes in the area of the mammary gland, the gland is ready for the production
of milk at the moment the offspring is born. Mammogenesis is a phenomenon that requires
the participation of a number of hormones, including prolactin (PRL), growth hormone (GH),
estrogens, progesterone, oxytocin, placental lactogen (PL) and insulin-like growth factor
(somatomedin, e.g., IGF1). The coparticipation of IGF and GH is necessary in coordinating the
differentiation and proliferation of epithelial cells. The manner in which the growth factors
stimulate or inhibit the growth of cells or their influence on the cell cycle is not fully understood.
The role of IGF in particular stages of functioning of the mammary gland (mammogenesis,
lactogenesis, galactopoiesis and desiccation), particularly in the case of ruminants, is highly
complicated. Recently, attention has been given to the metabolic hormones, particularly the
role of leptin, orexin and ghrelin in mammogenesis, lactogenesis and galactopoiesis, respec-
tively. Due to the recently increased interest in sheep’s milk products, an understanding of the
endocrine mechanisms facilitating the maintenance of lactation during autumn and winter
may contribute to the improved profitability and usefulness of sheep’s milk.
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Abstract

Mammary gland tissue changes appearance and functionality in different sequential 
steps. The tissue of virgin, pregnant, or lactating mammary glands changes controlled 
by finely regulated physiological processes. A fourth stage (involution), triggered upon 
weaning, involves remodeling, and the gland regresses to resemble a prepregnant stage. 
This highly complex process characterized by a high degree of epithelial cell death and 
tissue remodeling can be divided into phases, which can be independent of each other. 
The present article describes a variety of signaling pathway components, transcription 
factors, and mRNA stabilization proteins that play a role in the regulation of cell fate 
during the involution process. These molecular actors are finely related in health to trig-
ger the delicate mechanism that govern involution after weaning, leaving the gland in 
a latent stage until needed again. Importantly, it has been shown that this process may 
contribute to cancer development in the years following childbirth, mainly because of the 
involvement of inflammatory and remodeling factors.

Keywords: mammary gland involution, transcription factors, inflammatory cytokines, 
STATs, cell death, TNF-α, mRNA stability, breast cancer

1. Introduction

Upon weaning, the mammary gland recovers a morphology similar to its prepregnant state 
through an intricate process known as postlactational involution. During this phase, a high 
proportion of epithelial cells die, the basal membrane is partially digested, and the adipose tis-
sue reoccupies the space left by the regressed alveoli. In the mouse, mammary gland involution 
has been described as a two-step process according to its reversibility [1]. The first reversible 
phase is induced by local factors and lasts approximately 48 h during which it can be reversed 
through resuckling. At this stage, proapoptotic factors are upregulated, while survival factors 
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are reduced. This reversible phase is followed after 72 h by a nonreversible phase where wide-
spread apoptosis and tissue remodeling takes place. This later phase requires systemic factors 
and local proteases such as MMP-3/Stromelysin-1 and MMP11/Stromelysin-3, MMP2/Gelatinase 
A, ICE (interleukin-1 beta converting enzyme), and Urokinase-type plasminogen activator [2].

In 1997, Li et al. [3] defined the role of local factors as compared with systemic hormones 
during the first and second stages of involution. When milk release was disrupted in the pres-
ence of systemic lactogenic hormones, they demonstrated that local signals were sufficient to 
induce alveolar cell death. These authors demonstrated that a variety of procedures success-
fully triggered mammary involution, although none of them prevented the presence of cir-
culating lactogenic hormones. For example, sealing of the teats, mammary gland transplants 
unable to release milk due to the absence of a teat connection or inactivation of the oxytocin 
gene efficiently induced mammary cell death. On the other hand, in these scenarios, systemic 
hormones were able to preserve lobular-alveolar structure, although they did not prevent 
apoptosis. This chapter reviews the discovery of the local factors involved in the process of 
involution as well as the finding of the mechanisms involved in their ability to induce cell 
death shortly after weaning. In addition, the generation of a pro-oncogenic microenviron-
ment during mammary involution, which is able to facilitate breast cancer progression, is 
also discussed.

2. Involvement of STAT3 signaling

The studies referred above found that cell death correlated with the induction of proapop-
totic genes as bax, decreased expression of milk proteins, dephosphorylation of STAT5a and 
5b (main transcription factors that mediate prolactin triggered signaling), and activation of 
STAT3. Signal transducer and activator of transcription (STATs) are a family of latent tran-
scription factors, which are activated in response to a variety of cytokines and growth fac-
tors. This family of signaling molecules has been implicated in cell growth, differentiation, 
survival, and apoptosis. STAT3 and STAT5 have reciprocal patterns of activation throughout 
a mammary developmental cycle, suggesting that STAT5 may be a survival factor and STAT3 
a death factor for differentiated mammary epithelium. Chapman et al. [4], using the lox/Cre 
recombination system, showed a decrease in epithelial apoptosis and a dramatic delay of the 
involution process upon forced weaning in conditional KO mice, in which STAT3 was spe-
cifically deleted in the lactating mammary gland. In addition, early activation of STAT1 and 
induction of p53 and p21 expression was observed, which suggested a potential compensa-
tory mechanism for induction of eventual involution in the STAT3 null mammary glands. 
These results demonstrated the importance of STAT factors in signaling the initiation of phys-
iological apoptosis in vivo and highlighted the utility of the lox/Cre system for addressing the 
function of genes with an embryonic lethal phenotype, specifically in the mammary gland.

STAT3 is the most ubiquitous of the members of this family of proteins, is activated by many 
different cytokines and growth factors, and plays many roles in different physiological pro-
cesses. In addition, this protein is, the first STAT family member found to be constitutively 
activated in a variety of neoplastic tissues. It was determined that STAT3 modulates the 
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expression of various target genes involved in cell-cycle regulation, angiogenesis, and apop-
tosis inhibition. Because of this, silencing or inhibiting STAT3 reduces tumor cell proliferation 
and survival in both animal and human studies. However, in the involuting mammary gland, 
STAT3 signaling induces cell death [5].

By 2003, it had been shown that STAT3 is the main factor involved in the initiation of apopto-
sis of mammary cells after weaning, but the mechanism of its activation remained unclear. In 
2002, based on the hypothesis that IL-6 is the activating cytokine for STAT3, Hennighausen’s 
group showed that expression of IL-6 increases during early involution together with STAT3 
and p44/42 MAPK activation. Besides, it was shown that IL-6 treatment activated STAT3 in the 
mammary gland of virgin and lactating mice. In addition, IL-6-, STAT3-, and Bax-null mice 
showed similar mammary phenotypes, that is a significant delay in postlactational involu-
tion. Nevertheless, it was demonstrated that STAT3 activation during involution was inde-
pendent of the IL-6 levels in the mammary after weaning. In contrast, the increase of p44/42 
MAPK (ERK1/2) phosphorylation at the onset of involution was dependent on the presence 
of this cytokine. This suggested that either IL-6 does not induce STAT3 in vivo or its absence is 
compensated for by other cytokines, such as leukemia-inhibitory factor (LIF) [6].

By that time, there was no evidence in the literature reporting LIF expression and/or activities 
in the normal mammary gland tissue. Therefore, LIF expression profile was analyzed during 
the successive stages of mammary gland development, function, and involution. The results 
demonstrated that LIF is expressed in the mammary gland at low levels in postpubertal, adult 
virgin, and pregnant mice. But, expression of this protein almost disappear during lactation to 
then show a significant increase a few hours after weaning, maintaining these high levels dur-
ing the following days. We demonstrated that LIF expression in the gland is induced by milk 
stasis and not by the decrease of circulating lactogenic hormones after weaning. In addition, 
implantation of LIF containing pellets in lactating glands resulted in a significant increase 
of STAT3 phosphorylation and epithelium apoptosis. We then concluded that LIF-regulated 
expression in the mouse mammary gland may play a relevant role during the first stage of 
mammary gland involution and that LIF-induced mammary epithelium apoptosis could be 
mediated, at least partially, by STAT3 activation [7].

Shortly after our paper was published, Christine Watson’s lab also demonstrated that LIF is 
the physiological activator of STAT3, as they report that pSTAT3 is absent and C/EBPdelta (a 
well-known STAT3 target) is not upregulated in involuting transplanted mammary glands 
of LIF double knock-out (LIF(−/−) mice). Similarly to what was observed in the STAT3-null 
glands, LIF(−/−) mammary glands exhibit delayed involution, reduced apoptosis, and ele-
vated levels of p53 [8].

STAT3 activation and LIF expression have not been observed only in the involuting mammary 
gland. It was determined that autocrine/paracrine LIF present in conditioned medium from 
primary cultures of mouse mammary tumors was also able to induce activation of that tran-
scription factor and to increase cell survival in mammary tumor cell lines. However, although 
LIF blocking antibody prevented STAT3 phosphorylation, inhibition of STAT3 increased cell 
survival. These results indicated that LIF is overexpressed in mouse mammary tumors, where 
it acts as the main STAT3 activator. Nevertheless, the data also suggested that the positive 
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LIF effect on tumor cell survival was not dependent on STAT3 activation, which seemed to 
inhibit tumor cell viability as it does in involuting mammary epithelium [9]. Kritikou et al. 
showed that pERK1/2 is significantly reduced in LIF(−/−) glands during pregnancy [8], sug-
gesting that at this stage, LIF mediates its effects through pERK1/2. Therefore, it is possible 
that LIF proliferative effects on mammary tumors depend on ERK ½ activation. In addition, 
although it has been reported that STAT3 acts a potent oncogene in different tumor types, 
it was also demonstrated that the biological role of this factor is modulated by the stage of 
tumor progression [10]. Similarly, it can be proposed that in well-to-moderately differentiated 
mammary tumors, STAT3 activation induces cell death as observed in nontumorigenic mam-
mary cells after lactation. This activity might be altered in more aggressive or less differenti-
ated tumors, as it has been shown that STAT3 constitutive activation is very common in basal 
breast cancer [11], which have worse prognosis than luminal tumors. However, our results 
imply that in the development of therapeutic strategies for blocking STAT3 in breast cancer 
cells, the strong dependence on the cellular context that this factor activity displays should be 
taken into account.

Mechanical stress is a relevant factor to induce adaptive responses in multiple cell types [12–16]. 
Importantly, the signaling pathways triggered by this stimulus in those different examples also 
play a relevant role during mammary gland involution. Therefore, it was proposed that upon 
weaning, milk accumulation may cause cell stretching that, in turn, would induce the initia-
tion of the molecular cascades that lead to the remodeling process of the lactating gland. To 
address this issue, we designed a new practical device that allowed us to evaluate the effects of 
radial stretching on the HC11 nontumorigenic mammary epithelial cell line cultured on flex-
ible silicone membranes. The results showed that, as previously observed in other cell types, 
mechanical stress induced ERK1/2 phosphorylation and c-Fos expression induction, as well as 
LIF secretion, STAT3 activation, and AKT phosphorylation inhibition. Therefore, mechanical 
strain is able to induce weaning-associated events in cultured mammary epithelial cells [17].

STAT3 is essential, but not sufficient for the onset of apoptosis during mammary involution, 
as expression of a constitutively active Akt, a downstream effector of the phosphoinositide-
3-OH kinase (PI3K) pathway, provides an overriding survival signal after lactation [18]. 
However, AKT downregulation depends on STAT3 activation, since PI(3)K regulatory sub-
units p55α and p50α (each of them, when overexpressed, reduces levels of activated AKT) 
are induced by that transcription factor during mammary involution. In fact, it has been 
shown that STAT3 binds directly to the promoters of p55α and p50α subunits in vivo and in 
STAT3 KO mice, upregulation of p55α and p50α is abrogated, levels of activated AKT are 
sustained, and apoptosis is prevented [19]. In addition, it was shown that deletion of both 
p55α and p50α subunits reduced cell death as well as expression and activity of cathepsin L 
during mammary involution. This protease participates in lysosomal-mediated programmed 
cell death (LM-PCD), which is upregulated during normal involution by activated STAT3. 
Furthermore, involution is delayed in cathepsin L-deficient mice, suggesting that the p55α/
p50α subunits mediate cell death in part by elevating the level of cathepsin L. Surprisingly, 
it was found that during involution, p55α/p50α localize to the nucleus where they bind to 
chromatin and regulate transcription of a subset of inflammatory/acute phase genes that are 
also STAT3 targets. Therefore, these findings revealed that postlactational regression of the 
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mammary gland is accomplished through a nonclassical, lysosomal-mediated pathway of 
cell death, in which PI3K regulatory subunits participate as main regulators [20]. In fact, 
it has been demonstrated that cell death of mammary epithelium after weaning does not 
depend on the activation of executioner caspases 3, 6, and 7, although it requires STAT3 for 
cathepsin B and L induction as well as for the downregulation of their endogenous inhibitor 
Spi2A [21].

Global gene expression changes during involution have been profiled by microarray anal-
ysis, which allowed characterization of clusters of genes with distinct expression profiles 
during the first 4 days of involution. Such expression profiling led to the observation that 
one of the most strikingly upregulated genes in the absence of STAT3 is the serpin Spi2a. 
Interestingly, during mammary involution, STAT3 not only regulates LM-PCD by inhibiting 
serpin Spi2a, inducing the expression of cathepsins B and L, and the regulatory subunits 
p55α/p50α, but also by the uptake of secreted MFGs that lead to the formation and fusion 
of large lysosomal-like vacuoles, which are toxic to epithelial cells. Upon re-entry, the MFG 
(mammary fat globules) triglycerides are metabolized to free fatty acids, including oleic acid, 
that can distort membranes and result in leakage of cathepsins from lysosomes. Therefore, 
STAT3 promotes a phenotypic switch from secretion to phagocytosis of MFGs, the latter 
function delivering triglyceride to vacuoles with the ensuing consequences of LMP and cell 
death [22].

3. NF-κB signaling

It is clear that there are multiple mechanisms of regulation in early involution that synergise 
to ensure efficient induction of cell death, phagocytosis, suppression of inflammation, and 
remodeling of the architecture of the gland. Clarkson and Watson identified clusters of genes 
that are transcriptional targets of either NF-κB or STAT3, or indeed both, during early invo-
lution [23]. For example, among the NFκB targets, the TNF superfamily of death receptor 
(DR) ligands have been detected. These proteins induce apoptosis through binding to their 
receptor, which recruits caspase 8 (via FADD) and activates executioner caspases, finally lead-
ing to cell death [24]. Specifically, Tnf, Tnfsf4, Tnfsf6, Tnfsf7, Tnfsf10, and Tnfsf12 are induced 
transiently at 12 h after weaning, and the proteins Fas ligand, TNF-α, TWEAK, and TRAIL 
are able to activate extrinsic apoptosis through their cognate receptors Fas, TNFR-1, TNFR-
2, DR3, and DR4. The genes for the first two of these receptors (Fas and Tnfrsf1a) were also 
induced, and maximally coexpressed, within 24 h of weaning. NF-κB activity also correlated 
with the rapid activation of these TNF superfamily ligands [25].

Particularly, about TNF-α, our results have shown that this factor, through TNF-α receptor-2 
(TNFR2) binding induces LIF expression mediated by ERK1/2 activation in nontumorigenic 
mouse mammary epithelial cells. In addition, the AP-1 has been implicated in this signaling 
cascade, since blocking the activity of this transcription factor resulted in a significant reduc-
tion of TNF-α induced LIF expression. Therefore, TNF-α may contribute to mammary gland 
involution by, among other activities, eliciting LIF expression through ERK1/2 and AP1 acti-
vation [26].
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The NF-κB family of transcription factors primarily plays anti-apoptotic roles. DNA binding 
activity of this transcription factor is markedly upregulated within 3 h of forced involution 
and is suggested to promote survival of a subpopulation of mammary epithelial cells [25]. 
This hypothesis is consistent with the paradigm of NF-κB–mediated suppression of TNF-α 
cytotoxicity in TNF-α–responsive cells. NF-κB activity is mediated by a multiprotein signaling 
complex called the IκB kinase (IKK), which consists of two catalytic subunits: IKK1/α, IKK2/β 
and a regulatory subunit, NEMO (NF-kappa-B essential modulator). Activation of this com-
plex leads to phosphorylation of the IκB proteins; phospho-IκB is rapidly ubiquitinated and 
degraded via the 26S-proteasome releasing NF-κB and unmasking its nuclear localization 
signal, allowing its activity as transcription regulator of many target genes [27]. NF-κB then 
inhibits the death signal by trans-activating genes that promote resistance to apoptosis. The 
effect of this negative feedback mediated by NF-κB is the modulation of apoptosis in response 
to the TNF-α death signal. However, deletion of the gene encoding IKK2 resulted in delayed 
apoptosis and remodeling, as well as blockade of caspase 3 activation in the postlactational 
mammary gland. This failure to induce cell death was associated with reduced expression 
of TNF and its receptor TNFR1, which are known NF-κB targets. In addition, the observed 
high levels of active AKT together with downregulation of TWEAK, another DR ligand, also 
contributed to retard the involution process in these genetically engineered mice [28]. These 
results suggest that NF-κB may provide either proapoptotic or antiapoptotic signals during 
involution, depending on the timing and cellular context in which this transcription factor is 
activated.

4. Gene expression regulation at the level of mRNA stability

It has been demonstrated that the stability of many messenger RNAs (mRNAs) encoding onco-
proteins, chemokines, cytokines, and other inflammatory mediators is controlled by AU-rich 
elements (AREs), sequences located within the 3’-UTR of many transcripts [29, 30]. ARE-
directed control of mRNA decay is mediated, in part, through interactions with specific ARE-
binding proteins (AUBPs). One such protein is tristetraprolin (TTP), which accelerates the 
decay of targeted transcripts [31]. During inflammation, TTP plays a relevant role destabilizing 
different mRNAs, participating in glucocorticoid-mediated anti-inflammatory activity [32–34] 
and inhibiting NF-κB signaling [35]. The relevance of TTP as a negative regulator of these 
processes has been demonstrated by the severe chronic inflammation displayed by multiple 
tissues in TTP-KO mice, which was mostly due to the dramatic increase of TNF-α levels [32].

Several reports indicate that TTP participates in the inhibition of tumor progression. It 
has been shown that TTP mRNA levels are significantly decreased in many tumor types, 
including breast cancer [36]. We have also reported that TTP expression is lower in all 
breast cancer types compared with normal mammary tissue, and high levels of this pro-
tein negatively correlate with cancer cell aggressiveness. Interestingly, we have also 
determined that in the mouse mammary gland, expression of this protein reaches the 
highest level during lactation, and can be induced in culture by treatment with lactogenic 
hormones [37].
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These studies reveal a new potential biological role for this tumor suppressor protein in mam-
mary epithelium, since TTP might protect the tissue from inflammatory and/or remodeling 
activities that would trigger involution of the gland. Interestingly, our unpublished results 
show that by reducing TTP expression in the differentiated mammary epithelium, cell death 
is induced in the midst of lactation without requirement of additional stimuli. Then, TTP is 
not (or at least not only) a mechanism of surveillance, which prevents an eventual increase of 
inflammatory factors that might lead lactation to a halt, but it actually functions as a survival 
factor in the mammary epithelium, since reducing its levels is enough to induce cell death and 
involution of this tissue.

5. Mammary involution and cancer

Breast cancer is the most frequent malignancy diagnosed in association with pregnancy 
[38–40]. In addition, different studies have demonstrated an increase in breast cancer risk in 
the years immediately following giving birth [41–43]. Importantly, not only a rise in breast 
cancer incidence during the postpartum years has been observed, but also a higher risk for 
poor outcomes in women diagnosed during that timeframe [44]. However, it has been well 
established that pregnancy provides lifetime protection for women who are under 35 years 
at first birth [45–47]. Therefore, pregnancy would exert two opposite effects on breast cancer 
development: induces protection, which is associated with the differentiation of mammary 
epithelium, and increases risk, through alteration of tissue microenvironment.

Postpartum breast cancers have been referred to as type II Pregnancy-Associated Breast 
Cancer (PABC) to distinguish these cancers from those diagnosed during pregnancy [45]. A 
physiological window unique to type II PABC is mammary gland involution and, in an effort 
to distinguish why type II PABC patients have worse prognoses, the normal postpartum 
breast microenvironment has been investigated for potential tumor-enhancing attributes. 
These studies reveal that postpartum involution utilizes wound-healing programs for gland 
remodeling, including increases in matrix metalloproteinase activity, release of bioactive 
fragments of extracellular matrix (ECM) termed matricryptins, accumulation of fibrillar col-
lagen, and influx of immune cells, which also generates tumor-promotional microenviron-
ments [48–51]. In vivo experiments showed that tumors from xenografts of breast cancer cells 
exposed to the postpartum involution microenvironment have increased growth, invasion, 
and metastasis compared to those growing in nulliparous hosts. In addition, these implants 
showed augmented fibrillar collagen accumulation and high cyclooxygenase-2 (COX-2) 
expression [52]. Coincidently, in the postlactating mammary gland, inhibition of COX-2 
reduced the collagen fibrillogenesis, as well as tumor development and cancer cell invasive-
ness [53]. Therefore, it has been proposed that women at high risk for postpartum breast 
cancer might benefit from treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) 
during postpartum, which would reduce COX-2 expression and its consequences on the 
behavior of breast initiated cells.

Without doubt, immune response plays a primordial role in mouse mammary involution, 
since molecular profiling of that phase is consistent with acute phase, innate and adaptive 
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immune responses [51–54]. Interestingly, after weaning, mammary epithelial cells them-
selves express transcripts traditionally associated with immune cells [55, 56] and acquire 
phagocytic capability [57]. Therefore, it has not been possible to completely determine 
which cell types and in what part are responsible for the observed immune-like gene sig-
natures. Particularly, there is not much data about the participation of adaptive immune 
cells, but innate immune cell populations have been partially characterized. Specifically, 
it has been observed that granulocyte infiltration in the mouse gland on the first day of 
involution suggest the involvement of this cell type in early involution [58]. In addition, 
resident macrophages seem to be required for this phase, while infiltrating macrophages 
are important during the remodeling stage [52]. It was observed that on this last phase, 
macrophages express low iNOS, high arginase-1, and the mannose receptor, which is con-
sistent with alternative activation or M2 polarization of these cells [59]. Importantly, this 
phenotype correlated with breast tumor promotion in patients [60] and murine mammary 
tumor progression [61].

The earlier mentioned STAT3 and NF-κB signaling pathways, as well as others involving 
transforming growth factor beta (TGF-β) and the retinoid acid receptors (RARs)/retinoid 
X receptors (RXRs), participate in mammary gland involution as well as in breast cancer 
development. After weaning, target genes of RARα/p300 and RelA/p65, which belong to 
the NF-κB protein family, are induced, and high activity of the proteins coded by these 
genes, e.g., MMP9, Capn1, and Capn2, has been detected in breast cancer cells. Calpains 
belong to a family of calcium-dependent intracellular cysteine proteases involved in a wide 
variety of physiological and pathological processes. These proteases are heterodimers, 
consisting of a small regulatory subunit, encoded by CAPN4 gene, common for both mem-
bers, and a large catalytic subunit encoded by either CAPN1 or CAPN2. During  mammary 
gland involution and cancer progression, these proteins are relevant for  modifying the 
extracellular matrix, allowing tissue remodeling and/or cell invasion. In addition, calpains 
also cleave intracellular proteins located in the cell membrane, lysosomes, mitochondria, 
and nuclei, favoring cell death during involution and cell anchoring loss during tumor 
 progression [62].

6. Conclusion

As in other physiological processes, the use of conditional knockout mice and the appli-
cation of high-throughput techniques have been very useful to understand that normal 
postlactation mammary gland involution relays on the fine-tune coordination of multiple 
signaling pathways. Although involution is a physiologically normal, developmentally 
orchestrated tissue-remodeling process, it shares striking similarities with pathologically 
induced wound-healing and tumor-promotional microenvironments. This highlights the 
relevance of further investigating this process, since it may yield novel therapeutic tar-
gets or prognostic markers for breast cancer. Importantly, studying this particular phase 
of mammary gland biology may help us to pinpoint subtle changes in a pro-oncogenic 
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environment that determines the derailment from normal physiological to pathological 
tissue behavior.

Author details

Edith C. Kordon1* and Omar A. Coso2

*Address all correspondence to: ekordon@gmail.com

1 Department of Biological Chemistry, Institute of Physiology, Molecular Biology and 
Neuroscience (IFIBYNE-UBA-CONICET), School of Exact and Natural Sciences, University 
of Buenos Aires, (FCEN-UBA), Ciudad Universitaria, Buenos Aires, Argentina

2 Department of Physiology, Molecular and Cellular Biology, Institute of Physiology, 
Molecular Biology and Neuroscience (IFIBYNE-UBA-CONICET), School of Exact and Natural 
Sciences, University of Buenos Aires (FCEN-UBA), Ciudad Universitaria, Buenos Aires,  
Argentina

References

[1] Lund LR, Romer J, Thomasset N, Solberg H, Pyke C, Bissell MJ, et al. Two distinct phases 
of apoptosis in mammary gland involution: proteinase-independent and -dependent 
pathways. Development. 1996;122:181–193.

[2] Green KA, Lund LR. ECM degrading proteases and tissue remodelling in the mammary 
gland. Bioessays. 2005;27:894–903.

[3] Li M, Liu X, Robinson G, Bar-peled U, Wagner K, Young S, Hennighausen L, and Furth 
P. Mammary-derived signals activate programmed cell death during the first stage of 
mammary gland involution. Proc Natl Acad Sci U S A. 1997;94:3425–3430.

[4] Chapman RS, Lourenco PC, Tonner E, Flint DJ, Selbert S, Takeda K, Akira S, Clarke AR, 
Watson CJ. Suppression of epithelial apoptosis and delayed mammary gland involution 
in mice with a conditional knockout of Stat3. Genes Dev. 1999;13(19):2604–2616.

[5] Resemann HK, Watson CJ, Lloyd-Lewis B. The STAT3 paradox: a killer and an oncogene. 
Mol Cell Endocrinol. 2014;382(1):603–611.

[6] Zhao L, Melenhorst JJ, Hennighausen L. Loss of interleukin 6 results in delayed mam-
mary gland involution: a possible role for mitogen-activated protein kinase and not sig-
nal transducer and activator of transcription 3. Mol Endocrinol. 2002;12:2902–2912.

[7] Schere-Levy C, Buggiano V, Quaglino A, Gattelli A, Cirio MC, Piazzon I, Vanzulli S, 
Kordon EC. Leukemia inhibitory factor induces apoptosis of the mammary epithelial cells 
and participates in mouse mammary gland involution. Exp Cell Res. 2003;282(1):35–44.

Postlactational Involution: Molecular Mechanisms and Relevance for Breast Cancer Development
http://dx.doi.org/10.5772/66526

49



[8] Kritikou EA, Sharkey A, Abell K, Came PJ, Anderson E, Clarkson RW, Watson CJ. A 
dual, non-redundant, role for LIF as a regulator of development and STAT3-mediated 
cell death in mammary gland. Development. 2003;130(15):3459–3468.

[9] Quaglino A, Schere-Levy C, Romorini L, Meiss RP, Kordon EC. Mouse mammary 
tumors display STAT3 activation dependent on leukemia inhibitory factor signaling. 
Breast Cancer Res. 2007;9(5):R69.

[10] Lu C, Kerbel RS. Interleukin-6 undergoes transition from paracrine growth inhibitor to 
autocrine stimulator during human melanoma progression. J Cell Biol. 1993;120:1281–1288.

[11] Yue P and Turkson J. Targeting STAT3 in cancer: how successful are we?. Expert Opin 
Investig Drugs. 2009;18(1):45–56.

[12] Trepat X, Puig F, Gavara N, Fredberg JJ, Farre R, Navajas D. Effect of stretch on structural 
integrity and micromechanics of human alveolar epithelial cell monolayers exposed to 
thrombin. Am J Physiol Lung Cell Mol Physiol. 2006;290:L1104–L1110.

[13] Ning QM, Wang XR. Response of alveolar type II epithelial cells to mechanical stretch 
and lipopolysaccharide. Respiration. 2007;74:579–585.

[14] Wilson E, Sudhir K, Ives HE. Mechanical strain of rat vascular smooth muscle cells is sensed 
by specific extracellular matrix/integrin interactions. J Clin Invest. 1995;96:2364–2372.

[15] Perrone CE, Fenwick-Smith D, Vandenburgh HH. Collagen and stretch modulate auto-
crine secretion of insulin-like growth factor-1 and insulin-like growth factor binding 
proteins from differentiated skeletal muscle cells. J Biol Chem. 1995;270:2099–2106.

[16] Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angiotensin II mediates 
stretch-induced hypertrophy of cardiac myocytes in vitro. Cell. 1993;75:977–984.

[17] Quaglino A, Salierno M, Pellegrotti J, Rubinstein N, Kordon EC. Mechanical strain 
induces involution-associated events in mammary epithelial cells. BMC Cell Biol. 
2009;14:1471–2121.

[18] Schwertfeger KL, Richert MM, Anderson SM. Mammary gland involution is delayed by 
activated Akt in transgenic mice. Mol Endocrinol. 2001,15(6):867–881.

[19] Abell K, Bilancio A, Clarkson RW, Tiffen PG, Altaparmakov AI, Burdon TG, Asano T, 
Vanhaesebroeck B, Watson CJ. STAT3-induced apoptosis requires a molecular switch in 
PI(3)K subunit composition. Nat Cell Biol. 2005;4:392–398.

[20] Pensa S, Neoh K, Resemann HK, Kreuzaler PA, Abell K, Clarke NJ, Reinheckel T, Kahn 
CR, Watson CJ. The PI3K regulatory subunits p55α and p50α regulate cell death in vivo. 
Cell Death Differ. 2014;21(9):1442–1450.

[21] Kreuzaler PA, Staniszewska AD, Li W, Omidvar N, Kedjouar B, Turkson J, Poli V, Flavell 
RA, Clarkson RW, Watson CJ. STAT3 controls lysosomal-mediated cell death in vivo. 
Nat Cell Biol. 2011;13(3):303–309.

Current Topics in Lactation50



[8] Kritikou EA, Sharkey A, Abell K, Came PJ, Anderson E, Clarkson RW, Watson CJ. A 
dual, non-redundant, role for LIF as a regulator of development and STAT3-mediated 
cell death in mammary gland. Development. 2003;130(15):3459–3468.

[9] Quaglino A, Schere-Levy C, Romorini L, Meiss RP, Kordon EC. Mouse mammary 
tumors display STAT3 activation dependent on leukemia inhibitory factor signaling. 
Breast Cancer Res. 2007;9(5):R69.

[10] Lu C, Kerbel RS. Interleukin-6 undergoes transition from paracrine growth inhibitor to 
autocrine stimulator during human melanoma progression. J Cell Biol. 1993;120:1281–1288.

[11] Yue P and Turkson J. Targeting STAT3 in cancer: how successful are we?. Expert Opin 
Investig Drugs. 2009;18(1):45–56.

[12] Trepat X, Puig F, Gavara N, Fredberg JJ, Farre R, Navajas D. Effect of stretch on structural 
integrity and micromechanics of human alveolar epithelial cell monolayers exposed to 
thrombin. Am J Physiol Lung Cell Mol Physiol. 2006;290:L1104–L1110.

[13] Ning QM, Wang XR. Response of alveolar type II epithelial cells to mechanical stretch 
and lipopolysaccharide. Respiration. 2007;74:579–585.

[14] Wilson E, Sudhir K, Ives HE. Mechanical strain of rat vascular smooth muscle cells is sensed 
by specific extracellular matrix/integrin interactions. J Clin Invest. 1995;96:2364–2372.

[15] Perrone CE, Fenwick-Smith D, Vandenburgh HH. Collagen and stretch modulate auto-
crine secretion of insulin-like growth factor-1 and insulin-like growth factor binding 
proteins from differentiated skeletal muscle cells. J Biol Chem. 1995;270:2099–2106.

[16] Sadoshima J, Xu Y, Slayter HS, Izumo S. Autocrine release of angiotensin II mediates 
stretch-induced hypertrophy of cardiac myocytes in vitro. Cell. 1993;75:977–984.

[17] Quaglino A, Salierno M, Pellegrotti J, Rubinstein N, Kordon EC. Mechanical strain 
induces involution-associated events in mammary epithelial cells. BMC Cell Biol. 
2009;14:1471–2121.

[18] Schwertfeger KL, Richert MM, Anderson SM. Mammary gland involution is delayed by 
activated Akt in transgenic mice. Mol Endocrinol. 2001,15(6):867–881.

[19] Abell K, Bilancio A, Clarkson RW, Tiffen PG, Altaparmakov AI, Burdon TG, Asano T, 
Vanhaesebroeck B, Watson CJ. STAT3-induced apoptosis requires a molecular switch in 
PI(3)K subunit composition. Nat Cell Biol. 2005;4:392–398.

[20] Pensa S, Neoh K, Resemann HK, Kreuzaler PA, Abell K, Clarke NJ, Reinheckel T, Kahn 
CR, Watson CJ. The PI3K regulatory subunits p55α and p50α regulate cell death in vivo. 
Cell Death Differ. 2014;21(9):1442–1450.

[21] Kreuzaler PA, Staniszewska AD, Li W, Omidvar N, Kedjouar B, Turkson J, Poli V, Flavell 
RA, Clarkson RW, Watson CJ. STAT3 controls lysosomal-mediated cell death in vivo. 
Nat Cell Biol. 2011;13(3):303–309.

Current Topics in Lactation50

[22] Sargeant TJ, Lloyd-Lewis B, Resemann HK, Ramos-Montoya A, Skepper J, Watson 
CJ. STAT3 controls cell death during mammary gland involution by regulating 
uptake of milk fat globules and lysosomal membrane permeabilization. Nat Cell Biol. 
2014;16(11):1057–1068.

[23] Clarkson RW, Watson CJ. Microarray analysis of the involution switch. J Mammary 
Gland Biol Neoplasia. 2003;8(3):309–319.

[24] Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science. 
1998;281(5381):1305–1308.

[25] Clarkson RW, Heeley JL, Chapman R, Aillet F, Hay RT, Wyllie A, Watson CJ. NF-kappaB 
inhibits apoptosis in murine mammary epithelia. J Biol Chem. 2000;275(17):12737–12742.

[26] Levy CS, Slomiansky V., Gattelli A., Nahmod K., Pelisch F., Blaustein M., Srebrow A., 
Coso O. and Kordon E. Tumor necrosis factor alpha induces LIF expression through 
ERK1/2 activation in mammary epithelial cells. J Cell Biochem. 2010;110:857–865.

[27] Karin, M and Ben-Neriah, Y. Phosphorylation meets ubiquitination: the control of NF-kB 
activity. Annu Rev Immunol. 2000;18:621–663.

[28] Baxter FO, Came PJ, Abell K, Kedjouar B, Huth M, Rajewsky K, Pasparakis M, Watson 
CJ. IKK/2 induces TWEAK and apoptosis in mammary epithelial cells. Development. 
2006;133:3385–3394.

[29] Chen CYA, Shyu AB. AU-rich elements: characterization and importance in mRNA deg-
radation. Trends Biochem Sci 1995;20:465–470.

[30] Guhaniyogi J, Brewer G. Regulation of mRNA stability in mammalian cells. Gene. 
2001;265:11–23.

[31] Barreau C, Paillard L, Osborne HB. AU-rich elements and associated factors: are there 
unifying principles?. Nucleic Acids Res. 2005;33:7138–7150.

[32] Taylor GA, Carballo E, Lee DM, Lai WS, Thompson MJ, Patel D, Schenkman DI, Gilkeson 
GS, Broxmeyer HE, Haynes BF, Blackshear PJ. A pathogenetic role for TNF alpha in the 
syndrome of cachexia, arthritis, and autoimmunity resulting from tristetraprolin (TTP) 
deficiency. Immunity. 1996; May;4(5):445–454.

[33] Smoak K, Cidlowski JA. Glucocorticoids regulate triste-traprolin synthesis and posttran-
scriptionally regulate tumor necrosis factor alpha inflammatory signaling. Mol Cell Biol. 
2006;26:9126–9135.

[34] Ishmael FT, Fang X, Galdiero MR, Atasoy U, Rigby WF, Gorospe M, Cheadle C, Stellato 
C. Role of the RNA-binding protein tristetraprolin in glucocorticoid-mediated gene reg-
ulation. J Immunol. 2008;180:8342–8353.

[35] Schichl YM, Resch U, Hofer-Warbinek R, de Martin R. Tristetraprolin impairs NF-B/p65 
nuclear translocation. J Biol Chem. 2009;284(43):29571–29581.

Postlactational Involution: Molecular Mechanisms and Relevance for Breast Cancer Development
http://dx.doi.org/10.5772/66526

51



[36] Brennan S, Kuwano Y, Alkharouf N, Blackshear PJ, Gorospe M, Wilson GM. The mRNA-
destabilizing protein tristetraprolin is suppressed in many cancers, altering tumorigenic 
phenotypes and patient prognosis. Cancer Res. 2009;69:5168–5176.

[37] Goddio M, Gattelli A, Slomiansky V, Lacunza E, Gingerich T, Curino A, Facchinetti 
M, LaMarre J, Abba M, Kordon E. Mammary differentiation induces expression of 
Tristetraprolin, a tumor suppressor AU-rich mRNA-binding protein. Breast Cancer Res 
Treat. 2012;135(3):749–758.

[38] Rodriguez AO, Chew H, Cress R, Xing G, McElvy S, Danielsen B, Smith L. Evidence of 
poorer survival in pregnancy associated breast cancer. Obstet Gynecol. 2008;112(1):71–78.

[39] Cardonick E, Dougherty R, Grana G, Gilmandyar D, Ghaffar S, Usmani A. Breast cancer 
during pregnancy: maternal and fetal outcomes. Cancer J. 2010;16(1):76–82.

[40] Pregnancy and Breast Cancer 2011; Available from: http://www.cancer.org/Cancer/
BreastCancer/MoreInformation/pregnancy-andbreast-cancer. Accessed 04 October 
2016.

[41] Lambe M, Hsieh C, Trichopoulos D, Ekbom A, Pavia M, Adami HO. Transient increase 
in the risk of breast cancer after giving birth. N Engl J Med. 1994;331(1):5–9.

[42] Lord SJ, Bernstein L, Johnson KA, Malone KE, McDonald JA, Marchbanks PA, Simon 
MS, Strom BL, Press MF, Folger SG, Burkman RT, Deapen D, Spirtas R, Ursin G. 
Breast cancer risk and hormone receptor status in older women by parity, age of first 
birth, and breastfeeding: a case-control study. Cancer Epidemiol Biomarkers Prev. 
2008;17(7):1723–1730.

[43] Liu Q, Wuu J, Lambe M, Hsieh SF, Ekbom A, Hsieh CC. Transient increase in breast 
cancer risk after giving birth: postpartum period with the highest risk (Sweden). Cancer 
Causes Control. 2002;13(4):299–305.

[44] Callihan EB, Gao D, Jindal S, Lyons TR, Manthey E, Edgerton S, Urquhart A, Schedin 
P, Borges VF. Postpartum diagnosis demonstrates a high risk for metastasis and merits 
an expanded definition of pregnancy-associated breast cancer. Breast Cancer Res Treat. 
2013;138:549–559.

[45] Lyons TR, Schedin PJ, Borges VF. Pregnancy and breast cancer: when they collide. J 
Mammary Gland Biol Neoplasia. 2009;14(2):87–98.

[46] Rosner B, Colditz GA. Nurses’ health study: log-incidence mathematical model of breast 
cancer incidence. J Natl Cancer Inst. 1996;88(6):359–364.

[47] Schedin P. Pregnancy-associated breast cancer and metastasis. Nat Rev Cancer. 
2006;6(4):281–291.

[48] Lund L, Romer J, Thomasset N, Solberg H, Pyke C, Bissell M, Dano K, Werb Z. Two 
distinct phases of apoptosis in mammary gland involution: proteinase-independent and 
-dependent pathways. Development (Cambridge, England). 1996;122:181–193.

Current Topics in Lactation52



[36] Brennan S, Kuwano Y, Alkharouf N, Blackshear PJ, Gorospe M, Wilson GM. The mRNA-
destabilizing protein tristetraprolin is suppressed in many cancers, altering tumorigenic 
phenotypes and patient prognosis. Cancer Res. 2009;69:5168–5176.

[37] Goddio M, Gattelli A, Slomiansky V, Lacunza E, Gingerich T, Curino A, Facchinetti 
M, LaMarre J, Abba M, Kordon E. Mammary differentiation induces expression of 
Tristetraprolin, a tumor suppressor AU-rich mRNA-binding protein. Breast Cancer Res 
Treat. 2012;135(3):749–758.

[38] Rodriguez AO, Chew H, Cress R, Xing G, McElvy S, Danielsen B, Smith L. Evidence of 
poorer survival in pregnancy associated breast cancer. Obstet Gynecol. 2008;112(1):71–78.

[39] Cardonick E, Dougherty R, Grana G, Gilmandyar D, Ghaffar S, Usmani A. Breast cancer 
during pregnancy: maternal and fetal outcomes. Cancer J. 2010;16(1):76–82.

[40] Pregnancy and Breast Cancer 2011; Available from: http://www.cancer.org/Cancer/
BreastCancer/MoreInformation/pregnancy-andbreast-cancer. Accessed 04 October 
2016.

[41] Lambe M, Hsieh C, Trichopoulos D, Ekbom A, Pavia M, Adami HO. Transient increase 
in the risk of breast cancer after giving birth. N Engl J Med. 1994;331(1):5–9.

[42] Lord SJ, Bernstein L, Johnson KA, Malone KE, McDonald JA, Marchbanks PA, Simon 
MS, Strom BL, Press MF, Folger SG, Burkman RT, Deapen D, Spirtas R, Ursin G. 
Breast cancer risk and hormone receptor status in older women by parity, age of first 
birth, and breastfeeding: a case-control study. Cancer Epidemiol Biomarkers Prev. 
2008;17(7):1723–1730.

[43] Liu Q, Wuu J, Lambe M, Hsieh SF, Ekbom A, Hsieh CC. Transient increase in breast 
cancer risk after giving birth: postpartum period with the highest risk (Sweden). Cancer 
Causes Control. 2002;13(4):299–305.

[44] Callihan EB, Gao D, Jindal S, Lyons TR, Manthey E, Edgerton S, Urquhart A, Schedin 
P, Borges VF. Postpartum diagnosis demonstrates a high risk for metastasis and merits 
an expanded definition of pregnancy-associated breast cancer. Breast Cancer Res Treat. 
2013;138:549–559.

[45] Lyons TR, Schedin PJ, Borges VF. Pregnancy and breast cancer: when they collide. J 
Mammary Gland Biol Neoplasia. 2009;14(2):87–98.

[46] Rosner B, Colditz GA. Nurses’ health study: log-incidence mathematical model of breast 
cancer incidence. J Natl Cancer Inst. 1996;88(6):359–364.

[47] Schedin P. Pregnancy-associated breast cancer and metastasis. Nat Rev Cancer. 
2006;6(4):281–291.

[48] Lund L, Romer J, Thomasset N, Solberg H, Pyke C, Bissell M, Dano K, Werb Z. Two 
distinct phases of apoptosis in mammary gland involution: proteinase-independent and 
-dependent pathways. Development (Cambridge, England). 1996;122:181–193.

Current Topics in Lactation52

[49] Schedin P, Strange R, Mitrenga T, Wolfe P, Kaeck M. Fibronectin fragments induce 
MMP activity in mouse mammary epithelial cells: evidence for a role in mammary tis-
sue remodeling. J Cell Sci. 2000;113 (Pt 5):795–806.

[50] Schedin P, Mitrenga T, Mcdaniel S, Kaeck M. Mammary ECM composition and function 
are altered by reproductive state. Molec Carcinog. 2004;41:207–220.

[51] O'Brien J, Lyons T, Monks J, Lucia M, Wilson R, Hines L, Man Y, Borges V, Schedin P. 
Alternatively activated macrophages and collagen remodeling characterize the postpar-
tum involuting mammary gland across species. Am J Pathol. 2010;176:1241–1255.

[52] Lyons T, O’Brien J, Borges V, Conklin M, Keely P, Eliceiri K, Marusyk A, Tan A, Schedin 
P. Postpartum mammary gland involution drives progression of ductal carcinoma in 
situ through collagen and COX-2. Nature Med. 2011;17:1109–1115.

[53] O'Brien J, Hansen K, Barkan D, Green J And Schedin P. Non-steroidal anti-inflamma-
tory drugs target the pro-tumorigenic extracellular matrix of the postpartum mammary 
gland. Int J Dev Biol. 2011;55:745–755.

[54] Clarkson RW, Wayland MT, Lee J, Freeman T, Watson CJ. Gene expression profiling of 
mammary gland development reveals putative roles for death receptors and immune 
mediators in post-lactational regression. Breast Cancer Res 2004;6:R92–R109.

[55] Hughes K, Wickenden JA, Allen JE, Watson CJ. Conditional deletion of STAT3 in mam-
mary epithelium impairs the acute phase response and modulates immune cell numbers 
during post-lactational regression. J Pathol. 2012;227:106–117.

[56] Nguyen AV, Pollard JW. Transforming growth factor beta3 induces cell death during the 
first stage of mammary gland involution. Development. 2000;127:3107–3118.

[57] Monks J, Smith-Steinhart C, Kruk ER, Fadok VA, Henson PM. Epithelial cells remove 
apoptotic epithelial cells during post-lactation involution of the mouse mammary gland. 
Biol Reprod. 2008;78:586–594.

[58] Stein T, Morris JS, Davies CR, Weber-Hall SJ, Duffy MA, Heath VJ, Bell AK, Ferrier RK, 
Sandilands GP, Gusterson BA. Involution of the mouse mammary gland is associated 
with an immune cascade and an acute-phase response, involving LBP, CD14 and STAT3. 
Breast Cancer Res. 2004;6:R75–R91.

[59] Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The chemokine system in 
diverse forms of macrophage activation and polarization. Trends Immunol. 2004;25:677–686.

[60] Lewis CE, Pollard JW. Distinct role of macrophages in different tumor microenviron-
ments. Cancer Res. 2006;66:605–612.

[61] Qian BZ, Pollard JW. Macrophage diversity enhances tumor progression and metastasis. 
Cell. 2010;141:39–51.

[62] Zaragoza R, García-Trevijano ER, Lluch A, Ribas G, Viña JR. Involvement of different 
networks in mammary gland involution after the pregnancy/lactation cycle: implica-
tions in breast cancer. IUBMB Life. 2015;67(4):227–238.

Postlactational Involution: Molecular Mechanisms and Relevance for Breast Cancer Development
http://dx.doi.org/10.5772/66526

53





Chapter 5

Non-Coding RNA Roles in Ruminant Mammary Gland

Development and Lactation

Duy N. Do and Eveline M. Ibeagha-Awemu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67194

Abstract

The ruminant mammary gland (MG) is an important organ charged with the production 
of milk for young and human nourishment. Many factors influence MG productivity, 
including nutrition, genetics, breed, epigenetics (including non-coding RNA [ncRNA]), 
disease pathogens and other environmental factors. In recent years, increasing research 
is beginning to determine the role of non-coding RNA in MG functions. Non-coding 
RNAs (small interfering RNA [siRNA], microRNA [miRNA], PIWI-interacting RNA 
[piRNA], small nucleolar RNA [snoRNA] and long non-coding RNA [lncRNA]) are a 
class of untranslated RNA molecules that function to regulate gene expression, associ-
ated biochemical pathways and cellular functions and are involved in many biological 
processes. This chapter presents a review of the current state of knowledge on the role of 
ncRNAs (particularly miRNAs and lncRNAs) in the MG and lactation processes, lacta-
tion signalling pathways, lipid metabolism, MG health of ruminants as well as miRNA 
roles in milk recipients. Finally, the potential application of new genome editing technol-
ogy for ncRNA studies in MG development, the lactation process and milk components 
is presented.

Keywords: non-coding RNA, microRNA, long non-coding RNA, mammary gland, 
lactation, genome editing, signalling pathways

1. Introduction

As one of the remarkable products of evolution, lactation is a very dynamic and complex 
process. The process of lactation involves the development of the mammary gland (MG) 
and the synthesis and secretion of milk. The lactation process is affected by many factors, 
including genetics, epigenetics, non-genetics and environmental factors. The knowledge of 
lactation regulation is not only important for improvement of milk production and quality 
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but also provides a model for basic cellular processes (proliferation, differentiation, survival 
and death) [1], which may have important implications for productivity (milk yield) and 
disease status (e.g. breast cancer, mastitis, etc.). The endocrine regulation and physiological 
processes as well as the signalling pathways involved in these processes are fairly understood 
[1, 2]. Facilitated by the release of the whole genome sequences of cattle, sheep and goat [3–6] 
as well as availability of single nucleotide polymorphism (SNP) genotyping chips [7–11], 
the genetic mechanisms of ruminant lactation have been extensively explored (Figure 1).  
As a consequence, many quantitative trait loci (QTL) and genetic markers for lactation-
related traits (for instance, milk yield, milk components, lactation persistency, etc.) have 
been detected and catalogued in the animal QTL database (http://www.animalgenome.org/
cgi-bin/QTLdb/index).

Transcriptomics research by both microarray and RNA sequencing methods has allowed for 
a better understanding of the genes and regulatory networks of complex traits in animals 
[12], such as the biosynthesis of major milk components (reviewed in Refs. [13, 14]). Emerging 
studies now suggest that non-coding RNAs (ncRNAs) are key regulators of mammary gland 
development and lactation processes [15–17]. The results from the ENCODE (ENCyclopedia 
of DNA elements) project [18, 19] indicate that only a small portion of the genome, about 

Figure 1. Growing research by year in the field of cattle genomics and transcriptomics (including non-coding RNA) from 
January 2000 to August 2016.
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1.5%, codes for proteins while most of the genome is transcribed into non-coding regulatory 
elements or ncRNA. This indicates that ncRNAs play significant regulatory roles in com-
plex animal traits. A similar project to functionally annotate regulatory elements in animal 
genomes (FAANG project, www.faang.org) started in 2014 [20] and will generate data that 
will foster understanding of how the genome is read and translated into complex animal traits 
of economic importance. Indeed, the recent explosion of data on the regulatory functions 
of ncRNAs proves their importance in the regulation of multiple/major biological processes 
impacting development, differentiation and metabolism. This chapter explores recent devel-
opments on the expression, regulation and functions of ncRNAs, in particular microRNA 
(miRNA) and long non-coding RNA (lncRNA), in ruminant (cattle, sheep and goat) mam-
mary gland development and the lactation process, as well as illustrate our own studies on 
the roles of ncRNAs in these processes.

2. Non-coding RNAs: biosynthesis and classification

Non-coding RNAs are transcribed RNA molecules that are not translated into proteins. They 
play a remarkable variety of biological functions by engaging target transcripts through 
sequence-specific interactions. They regulate many biological processes, including gene 
expression (transcription, RNA processing and translation), protect genomes from  foreign 
nucleic acids and can guide DNA synthesis or genome rearrangement [21]. In general, 
ncRNAs are classified according to size or function. According to size, ncRNAs are classified 
as (1) small or short ncRNA: <200 nucleotides in their mature forms (e.g. miRNA, PIWI-
interacting RNA [piRNA], small nuclear RNA [snRNA], small nucleolar RNA [snoRNA] and 
endogenous small interfering RNA [siRNA]) and (2) long ncRNA: >200 nucleotides long 
(e.g. lncRNA). According to function, ncRNAs are classified as (1) housekeeping or trans-
lation-related ncRNAs: they are constitutively expressed and crucial for normal cellular 
function and viability and include tRNA, rRNA and snoRNA and (2) regulatory ncRNAs 
and include miRNA, lncRNA, siRNA and piRNA [22, 23]. The biogenesis of these various 
types of ncRNAs has been discussed extensively [23–26]. This chapter focuses  particularly 
on the involvement of miRNA and lncRNA in ruminant mammary gland development and 
lactation.

2.1. MicroRNAs

MiRNAs are an abundant class of short ncRNAs of about 22 nucleotides long. They regu-
late a variety of cellular processes through post-transcriptional repression of gene expression. 
MiRNAs consequently control the activities of about 60% of all protein-coding genes and par-
ticipate in the regulation of almost every cellular process investigated in mammals [25]. Mature 
miRNAs are generated from a series of biochemical events beginning in the nucleus and culmi-
nating in the cytoplasm [24, 27, 28]. Briefly, these events occur in several main steps as follows: 
(1) nuclear processing of primary miRNA transcripts (pri-miRNAs) into precursor miRNAs 
(pre-miRNAs) by the DiGeorge Syndrome Critical Region Gene 8 (DGCR8)/Drosha complex, 
(2) cytoplasmic processing of pre-miRNAs into imperfectly paired miRNA duplexes by dicer, 
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and (3) preferential incorporation of one strand (the ‘guide’ miRNA strand) onto the RNA-
induced silencing complex (RISC) [25]. Most miRNA genes located in introns of protein-coding 
genes share the promoter of the host gene [29]. MiRNAs often have multiple transcription start 
sites and regulate gene expression through inhibition of translation initiation or elongation, co-
translational protein degradation and premature termination of translation [25, 30].

Since the discovery of the first miRNA, lin-4, in 1993 [31] and aided by deep sequencing 
technologies and developments in bioinformatics processing of deep sequence data, thou-
sands of miRNAs have been detected in humans, mouse, farm animal species and plants and 
deposited in the miRNA data base (Table 1). Due to the crucial regulatory roles of miRNAs 
in many biological processes across species, they are being considered as candidate biomark-
ers of various human diseases, such as autoimmune [32], metabolic [33] and cardiovascular 
diseases [34], and various types of cancers [35–37].

2.2. Long non-coding RNAs

Long non-coding RNAs are a diverse collection of non-coding RNAs with emerging regula-
tory roles in many biological processes in every branch of life [26, 40–42]. LncRNA transcripts 
are >200 nucleotides long and constitute the largest portion of the mammalian non-coding 
RNA transcriptome [40]. LncRNA closely resembles mRNA than other classes of ncRNA in 
terms of their biogenesis pathways and form. Most lncRNAs are transcribed by the activities 
of RNA polymerase II, have a 5′ terminal methylguanosine cap and are often spliced and 
polyadenylated [41]. Some non-polyadenylated lncRNAs arise through alternative pathways 
probably expressed from RNA polymerase III promoters [43, 44] or arise during splicing and 
small nucleolar RNA production [45]. Furthermore, some lncRNAs are regulated in different 
ways at different stages of their biogenesis, maturation and decay [26]. Thousands of genes 
encoding lncRNAs have been identified in mammalian genomes (including livestock species), 

Species MiRNA lncRNA

Precursor Mature Transcripts Genes

Cattle 808 793 22,386 23,696

Sheep 106 153 –

Goat 267 436 –

Pig 382 411 –

Chicken 740 994 13,085 9681

Human 1881 2588 141,353 90,062

Mouse 1193 1915 117,405 79,940

Table 1. Number of detected miRNAs and lncRNAs in farm animal species, mouse and human*.

*Data source: MiRBase release 21 (http://www.mirbase.org/[38], and NONCODE database (www.noncode.org, Noncode 
2016 [39]).
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birds and plants studied so far and deposited in the NONECODE database (www.nonecode.
org [39], Table 1).

3. MicroRNA in mammary gland development and lactation biology

3.1. Occurrence of microRNA in ruminant mammary gland and in milk

The regulatory roles of miRNAs in livestock species have emerged and are growing 
quickly [46, 47]. The most recent release of miRBase (release 21, http://www.mirbase.org/, 
[38]) contains 793 mature miRNAs for cattle, 436 for goat and 153 for sheep [38] (Table 1). 
However, with the increase in the application of RNA sequencing in expression profiling of 
miRNAs in different livestock species, the number of novel livestock miRNAs is expected 
to increase.

3.1.1. Cattle

The profiles of miRNAs in bovine MG tissue or milk have been investigated using different 
approaches, such as microarray [48, 49], genome sequencing [4] and RNA sequencing [50–
57]. A total of 496 miRNA genes were identified following sequencing of the cattle genome 
of which 135 were novel [4].The expression profiles of miRNAs in MG tissues and cells 
facilitate discovery of novel miRNAs and also identification of candidate miRNAs for differ-
ent cell types, lactation stages, periods, disease response and so on. Before the release of the 
bovine genome sequence, Gu et al. [49] pioneered miRNA discovery in the bovine MG by 
cloning and sequencing small RNAs from MG tissue followed by identification of 59 distinct 
bovine miRNAs. Using next-generation sequencing techniques, Chen et al. [58] identified 
230 and 213 known miRNAs in cow colostrum and mature milk, respectively. The authors 
also observed that 108 and 8 miRNAs were upregulated and downregulated, respectively, in 
colostrum compared to mature milk [58]. Using microarray, Izumi et al. [59] identified 100 
and 53 known miRNAs in colostrum and mature milk, respectively. Using Solexa sequenc-
ing method, Li et al. [60] reported 884 unique miRNAs sequences in the bovine MG (283 
known, 505 novel and 96 conserved miRNAs). Le Guillou et al. [61] identify 167 novel miR-
NAs in the bovine MG, many of which were also detected in mouse MG. Analysing three 
milk fractions (fat, whey and cells) and mammary gland tissues, we reported 210, 200 and 
249 known and 33, 31 and 36 novel miRNAs in milk fat, whey and cells, respectively, and 
321 known and 176 novel miRNAs in mammary gland tissues [62]. Deep sequencing the 
milk fat across the lactation curve, we also identified a total of 475 known and 238 novel 
miRNAs [63].

3.1.2. Goat

A total of 487 miRNAs were identified when the goat genome was sequenced and the largest 
miRNA clusters were found on chromosome 21 [6]. Using the Illumina-Solexa high-through-
put sequencing technology to analyse goat MG tissues during early lactation, Ji et al. [64] 
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reported 131 novel and 300 conserved miRNAs. Using the same method (Illumina-Solexa 
sequencing), Li et al. [65] reported 346 conserved and 95 novel miRNAs in goat MG tissues 
from dry off and peak lactation does.

3.1.3. Sheep

Most miRNAs identified in sheep come from tissues other than the MG. For example, 
Caiment et al. [66] identified 747 miRNAs from the skeletal muscle through deep sequenc-
ing, whereas McBride et al. [67] reported 212 miRNAs from sheep ovarian follicles and 
corpus lutea at various reproductive stages. In the MG, Galio et al. [68] showed the presence 
of three known miRNAs including miR-21, miR-205 and miR-200 family in pregnant and 
lactating sheep.

3.2. MicroRNA function in ruminant mammary gland and milk synthesis

3.2.1. Expression patterns of microRNAs in lactation stages

3.2.1.1. Temporal and spatial expression of microRNAs

Indication of involvement of miRNAs in MG functions was gained through observation of 
differences in type and expression levels of miRNAs between lactation stages, under differ-
ent nutritional regimes and presence of disease pathogens. Li et al. [50] identified 56 miRNAs 
that were significantly differentially expressed between lactation and non-lactation periods. 
Similarly, Wang et al. [48] detected 12 downregulated miRNAs (miR-10a, miR-15b, miR-16, 
miR-21, miR-33b, miR-145, miR-146b, miR-155, miR-181a, miR-205, miR-221 and miR-223) 
in the dry period (30 days prepartum) compared to early lactation period (7 days postpar-
tum) and one upregulated miRNA (miR-31) in early lactation compared to the dry period. 
Previously, we examined miRNA expression pattern during a lactation cycle to explore it 
regulatory mechanisms during lactation using milk fat as input tissue for sampling [63]. In a 
previous investigation, we have shown that milk fat miRNA transcriptome closely resemble 
the miRNome of MG tissue [62]. We collected samples at the lactogenesis (LAC) (day 1 and 
7), galactopoiesis (GAL) (day 30, 70, 130, 170 and 230) and involution (INV) (day 290 and 
when milk production dropped to 5 kg/day) stages from nine cows for deep sequencing 
[63]. We observed that 15 miRNAs (miR-30a-5p, miR-30d, miR-21-5p, miR-26a, miR-148a, 
let-7a-5p, let-7b, let-7f, let-7g, miR-99a-5p, miR-191, miR-200a, miR-200c, miR-186, miR-92a) 
were highly expressed across lactation stages [63]. MiR-148a and miR-26a were the most 
abundantly expressed accounting for more than 10% of the read counts in each stage of 
lactation. We also performed a differential expression (DE) analysis and detected miR-29b/
miR-363 and miR-874/miR-6254 as important mediators of transition signals from LAC to 
GAL and from GAL to INV stages, respectively [63]. Furthermore, DE analysis indicated 
various patterns of miRNA expression across the lactation curve. For instance, some miR-
NAs were highly expressed during early lactation (lactogenesis) followed by decreased 
expression at later stages, whereas others were slightly expressed during early lactation but 
showed increased expression during mid-lactation and decreased expression during late 
lactation and vice versa [63] (Figure 2).
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The temporal expression pattern of miRNAs has been reported in other ruminant species. 
For example, Galio et al. [68] reported a change in the expression pattern of miR-21, miR-205 
and miR-200 family in MG tissues from pregnant and lactating sheep. From the early, mid-
dle and late stages of pregnancy and during lactation, the expression of miR-21 and miR-25 
decreased, whereas miR-200 family (miR-200a, miR-200b, miR-200c, miR-141 and miR-429) 
showed increased expression [68]. Similarly, investigating the expression pattern of miR-
NAs during early and peak lactation and dry period, Li et al. [65] identified 15 differentially 
expressed miRNAs when comparing peak lactation and dry period including three signifi-
cantly highly expressed miRNAs (miR-2887, miR-451 and miR-2478) during peak lactation 
and 12 significantly highly expressed miRNAs (miR-199b, miR-128, miR-25, miR-145, miR-98, 
miR-222, miR-181b, miR-199a-3p, miR-93, miR-221, let-7b and let-7c) during the dry period.

3.2.1.2. MicroRNAs synergistically regulate lactation control mechanisms

A wealth of evidence indicates that several miRNAs can work together to regulate target genes 
in the same or different biological pathways [69, 70]. We have successfully characterized a 
group of highly interacting miRNAs (modules) using a weighted co-expression network anal-
ysis [71] and correlated important miRNA modules to milk yield and milk components [72]. 

Figure 2. Differential miRNA expression patterns during a bovine lactation curve. (a) Fold change values of six miRNAs 
whose expression patterns changed significantly during each lactation switch and (b) box plots of their normalized 
read count values by lactation day. 1LAC: lactogenesis; GAL: galactopoiesis; INV: involution; 2D: downregulated and 
U: upregulated.

Non-Coding RNA Roles in Ruminant Mammary Gland Development and Lactation
http://dx.doi.org/10.5772/67194

61



We identified three consensus (BLUE [62 miRNAs], TURQUOISE [133 miRNAs] and BROWN 
[59 miRNAs]) modules and the GREY module reserved for unclassified genes, throughout lac-
tation stages (Figure 3). Based on module trait relationship, we were able to determine impor-
tant modules (with absolute correlation >0.6) for milk components at each lactation stage. The 
BROWN and BLUE modules were highly related to protein and somatic cell count, respec-
tively, in early lactation, the BLUE module to somatic cells in middle lactation and the BLUE 
module to urea and lactose in late lactation stage. We also found the most important compo-
nent or hub miRNAs, which potentially coordinated miRNA synergetic mechanisms in their 
respective modules. MiR-149-5b and miR-874 were hub miRNAs in the BLUE module for milk 
somatic cells at early and middle lactation, respectively, whereas miR-330 was the hub miRNA 
in the BLUE module for milk urea and lactose at late lactation (Figure 3). Three miRNAs (mir-
149-5b, miR-874 and miR-30) in the BLUE module play important roles in cell cycle [73–77], so 
it could be expected that these miRNAs regulate secretion of somatic cells in milk from MG.

3.2.2. Networks and pathways regulated by microRNAs during a lactation cycle

Through their target genes, miRNAs have been shown to control signal transduction in differ-
ent species [78]. MiRNA roles in important pathways such as transforming growth factor beta 

Figure 3. Important consensus modules and their hub miRNAs for milk component traits in different lactation periods. 
(a) Dynamic cut tree (dendrogram) based on topological overlap distance in gene expression profile; (b) module trait 
relationship in early, middle and late lactation and (c) hub miRNAs in the modules. GREY colour is for genes that do 
not belong to a specific module.
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(TGF-β), prolactin and protein kinase signalling in MG development and lactation have been 
reviewed by several authors [79–83]. MiRNA regulation of three important signalling path-
ways (NOTCH, PTEN and HIPPO) in MG and breast cancer cells was recently reviewed [15]. 
Important miRNAs regulating these pathways include mir-34, mir-29, mir-146, mir-199 and mir-
200 families for NOTCH signalling pathway, miR-21 and miR-155 for PTEN signalling pathway 
and miR-934 for HIPPO pathway. In Canadian Holstein cows, we performed the enrichment of 
differentially expressed miRNA target genes to signalling pathways and noted that relevant sig-
nalling pathways for transition between lactation stages are involved in apoptosis (PTEN and 
SAPK/JNK), intracellular signalling (protein kinase A, TGF-β and ERK5), cell cycle regulation 
(STAT3), cytokines (prolactin), hormone and growth factors (growth hormone and glucocor-
ticoid receptor). PTEN is an important target gene for miR-29b in the regulation of mammary 
gland development [84]. PTEN signalling is crucial for the activities of prolactin autocrine [85]. 
The initiation of lactation is known to require induction of autocrine prolactin, and the level of 
this autocrine is known to be endogenously regulated by the signal of PTEN-PI3K-AKT path-
way [85]. Figure 4 is an illustration of some miRNAs that target genes in relevant signalling 
pathways during lactation [63]. Pathways, such as PTEN and growth hormone signalling, have 
been identified as important for regulatory mechanisms during lactation [85, 86].

Figure 4. Illustration of miRNA-gene-pathway networks obtained from dynamic differentially expressed miRNAs 
during a bovine lactation curve. The outer layer shows miRNAs (blue arrow heads), which targets at least two genes 
(white dots) in significantly enriched pathways (red dots).
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3.2.3. Functional validation of microRNA target genes

Since in vivo experiments for functional validation of MG miRNAs are not feasible, such 
studies have mostly relied on the use of knock-out/mimics and MG-specific cell types. Using 
bovine mammary epithelial cells (BMEC), miR-15a was shown to regulate growth hormone 
receptor, viability of BMEC and the expression of casein genes [86]. MiR-486 regulation of 
lactation by targeting the PTEN gene in cow MGs has been demonstrated [87]. Bian et al. 
[88] recently reported that epigenetic regulation of miR-29s affects the lactation activity of 
BMEC. MiR-181a was shown to regulate the biosynthesis of bovine milk fat through targeting 
acyl-CoA synthetase long-chain family member 1 (ACSL1) [89]. MiR-103 was reported to con-
trol milk fat accumulation in goat MG during lactation [90]. Moreover, miR-27a was shown 
to suppress triglyceride accumulation as well as altered gene expression associated with fat 
metabolism in dairy goat mammary epithelial cells (GMEC) [91]. In another study, miR-135a 
was reported to target and regulate prolactin receptor (PRLR) gene in GMEC [92]. Inhibition 
of the expression of miR-145 in GMEC was shown to increase methylation levels of fatty acid 
synthase (FASN), stearoyl-CoA desaturase 1 (SCD1), peroxisome proliferator-activated recep-
tor gamma (PPARG) and sterol regulatory element binding transcription factor 1 (SREBF1) 
[93]. MiR-24 control of triacylglycerol synthesis in goat mammary epithelial cells by target-
ing FASN gene has been demonstrated [94]. The ability of miR-145 to regulate lipogenesis in 
GMEC through targeting insulin-induced gene 1 (INSIG1) and epigenetic regulation of lipid-
related genes has been demonstrated [93]. MiR-143 was shown to inhibit proliferation as well 
as induce apoptosis of GMEC [95]. MiR130b regulation of PPARγ coactivator-1α suppressed 
fat metabolism in GMEC [96]. In non-ruminant species, many miRNAs, including let-7 family 
members, mir-17/92, miR-30b, miR-93, miR-99a and miR-b, miR-101a, miR-126-3p, miR-138, 
miR-146b, miR-200 family members, mir-203, miR-205, miR-206, miR-210, miR-212/132, miR-
221 and miR-424/50, have been reported to play roles in mammary gland development and 
disease [15]. Some miRNAs with functionally validated targets are summarized in Table 2.

3.3. Nutritional modulation of microRNA expression and function

The miRNA expression profile in response to dietary treatments has been studied in adipose 
tissues of lambs and cattle and bovine mammary gland tissues [56, 100–102]. A change in diet 
that interferes with energy balance has been shown to change miRNA expression pattern in 
cow liver [103]. Wang et al. [104] fed cows with high- and low-quality forage diets (corn stover 
and rice straw) and showed that miR-125b, miR-141, miR-181a, miR-221 and miR-15b changed 
their expression patterns across different tissues including MG. We have examined the expres-
sion pattern of miRNAs following MG adaptation to dietary supplementation with 5% linseed 
oil or 5% safflower oil using miRNA sequencing and identified seven differentially regulated 
miRNAs, including six upregulated (miR-199c, miR-199a-3p, miR-98, miR-378, miR-148b and 
miR-21-5p) and one downregulated (miR-200a) by both linseed and safflower oil. The target 
genes of these seven miRNAs have functions related to gene expression and general cellular 
metabolism and are enriched in four pathways of lipid metabolism (3-phosphoinositide bio-
synthesis, 3-phosphoinositide degradation,  D-myo-inisitol-5-phosphate metabolism and the 
superpathway of inositol phosphate compounds) [51]. The largest number of target genes 
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(39) were associated with two functions (synthesis of lipid and concentration of lipid) related 
with lipogenesis. In goat, Mobuchon et al. [105] detected 30 miRNAs with expression patterns 
potentially modulated by food deprivation (14 and 16 were upregulated and downregulated, 
respectively). Among them, miR-204-5p and miR-223-3p were most remarkably affected by 
food deprivation and potentially played roles in the nutritional regulation of gene expression 
in the MG.

3.4. MicroRNA functions in mammary gland health

MiRNAs have been shown to play roles in bovine infection and immunity in a wide range 
of tissues [54, 106–113]. For mammary gland, Naeem et al. [114] studied the expression of 
14 miRNAs (miR-10a, miR-15b, miR-16a, miR-17, miR-21, miR-31, miR-145, miR-146a, miR-
146b, miR-155, miR-181a, miR-205, miR-221 and miR-223) in MG tissue challenged with 
Streptococcus uberis and identified three downregulated miRNAs (miR-181a, miR-16 and 
miR-31) and one upregulated miRNA (miR-223) in infected versus healthy tissue. Lawless 
et al. [107] showed that 21 miRNAs were differentially expressed upon Streptococcus uberis 
infection of bovine primary epithelial cells. Using BMEC, Jin et al. [108] reported a differen-
tial expression of nine miRNAs (miR-184, miR-24-3p, miR-148, miR-486, let-7a-5p, miR-2339, 
miR-499, miR-23a and miR-99b) upon challenge with heat inactivated Escherichia coli and 
Staphylococcus aureus bacteria. Hou et al. [115] identified three upregulated miRNAs (miR-
296, miR-2430 and miR-671) and one downregulated miRNA (miR-2318) in mastitis affected 
compared with healthy mammary gland tissues. Li et al. [111] sequenced RNA isolated 

MiRNAs Target genes Main consequence Cell References

miR-181 ACSL1 Decrease lipid synthesis BMEC [89]

miR-29 family DNMT3A DNMT3B Decrease global DNA methylation BMEC [88]

miR-152 DNMT1 Decrease global DNA methylation and 
increase expression of Akt and PPARγ

BMEC [97]

miR-486 PTEN Alter expression of downstream genes of 
PTEN (AKT, mTOR pathways)

BMEC [87]

miR-181b IRS2 Wnt signalling pathway in GMEC GMEC [98]

miR-27a PPARγ Decrease triglyceride accumulation GMEC [91]

miR-26a and b INSIG1 Decrease triacylglycerol synthesis GMEC [99]

miR-24 FASN, SREBF1, ACACA Decrease triacylglycerol synthesis GMEC [94]

miR-15a GHR Inhibit viability of mammary epithelial cells BMEC [86]

miR-130b PPARGC1A Repress PPARGC1A expression GMEC [96]

miR-143 BAX and BCL-2 Inhibit proliferation and induce apoptosis GMEC [95]

miR145 INSIG1 Increase fat droplet formation, 
triacylglycerol accumulation and proportion 
of unsaturated fatty acids

GMEC [93]

Table 2. MicroRNAs with functionally validated target genes using ruminant mammary gland cells.
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from S. aureus-induced mastitis and control cows and identified 77 miRNAs with significant 
expression differences between the two groups. Li et al. [116] showed that miR-23 might 
be an important immune miRNA through its target mastitis candidate gene, high mobility 
group box 1 (HMGB1).

3.5. MicroRNA function in milk recipients

Recent evidence suggesting that milk-derived miRNAs may have potential regulatory roles 
in modulating the immune system or metabolic processes of milk recipients still remain 
controversial [117–124]. Currently, there are two hypotheses about miRNA function in 
infants/offspring: the first proposes that milk miRNAs exert physiological regulatory func-
tions after transferring to offspring, and the second assumes that miRNAs do not have any 
function but merely provide nutrition. According to Zhang et al. [117], the rice-derived 
miRNA, miR-168a, can bind to the mRNA of human/mouse low-density lipoprotein recep-
tor adapter protein 1 (LDLRAP1) and inhibit its expression in the liver, and consequently 
decrease LDL removal from mouse plasma. Baier et al. [118] reported that miR-29b-3p and 
miR-200c-3p could be absorbed by humans in biologically meaningful amounts, which 
could affect related gene expression in peripheral blood mononuclear cells while Izumi et 
al. [125] confirmed that whey exosomes containing miRNAs and mRNA could be absorbed 
by human macrophages. These results opened a new aspect of the nutritional control of 
metabolism [119]. However, other studies have not succeeded to validate the hypothesis 
that milk miRNAs exert physiological regulatory functions after transferring to offspring 
[126–129]. For instance, Auerbach et al. [129] observed that drinking bovine milk increased 
circulating levels of miRNAs (miR-29b-3p and miR-200c-3p) but found no evidence that 
they significantly altered miRNA signals after milk ingestion. These authors concluded that 
milk miRNAs likely serve as a source of nutrition but not as post-transcriptional regulators 
in recipients.

4. Long non-coding RNA in mammary gland development and lactation 
biology

4.1. Prolife and expression of long non-coding RNAs

A limited number of studies have examined the occurrence and potential functions of 
lncRNAs in ruminant livestock species [130–132]. A pioneer study screened reconstructed 
transcript assemblies of bovine-specific expressed sequence tags and identified 449 puta-
tive lncRNAs located in 405 intergenic regions [130]. Following this initial study, Weikard 
et al. [131] used RNA sequencing technique and identified 4848 potential lncRNAs, which 
were predominantly intergenic (4365) in bovine skin. In another study, Billerey et al. [132] 
characterized 584 lncRNAs in bovine muscle in addition to significant correlated expression 
between 2083 pairs of lncRNA/protein encoding genes. Koufariotis et al. [133] character-
ized the lncRNA repertoire across 18 bovine tissues including the mammary gland and 
reported 9778 transcripts. Ibeagha-Awemu et al. [134] studied the lncRNA profile of the 
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bovine mammary gland by RNA sequencing and identified 4227 lncRNAs (338 known and 
3889 novel). In goats, Zhan et al. [135] sequenced libraries from developing longissimus 
dorsi fetal (45, 60 and 105 days of gestation) and postnatal (3 days after birth) muscles and 
identified 3981 lncRNA transcripts corresponding to 2739 lncRNA genes. Ren et al. [136] 
identified 1336 specific lncRNAs in fetal skin of Youzhou dark goat (dark skin) and Yudong 
white goat (white skin). Similarly, Chao et al. [137] in a study with aim to identify and clas-
sify new transcripts in Dorper and small-tail Han sheep muscle transcriptomes predicted 
with high confidence 1520 transcripts to be lncRNAs.

4.2. Function of long non-coding RNAs

While the regulatory roles of lncRNAs have been associated with several human disease 
conditions including tumourigenesis, cardiac development, aging and immune system 
development [138–143], little information exist on livestock species. Our previous study 
on bovine mammary gland identified 26 lncRNAs that were significantly differentially 
regulated in response to a diet rich in α-linolenic acid thus suggesting potential regula-
tory roles of lncRNAs in fatty acid synthesis and lipid metabolism [134]. In a study with 
goat fetal muscle tissues at different stages of development, Zhan et al. [135] identified 577 
significantly differentially expressed lncRNA transcripts thus suggesting roles in muscle 
development.

5. Genome editing technology and non-coding RNA

Genome engineering has been considered as the next genomic revolution [144], and it is 
expected to significantly improve livestock production by precision genome editing [145–147] 
favouring markers associated with improved productivity, reproduction and health status. 
The history of genome editing in livestock has been extensively reviewed [145, 148–150]. The 
advent of engineered endonucleases (EENs), including zinc finger nucleases (ZFNs) [151], 
transcription activator-like effector nucleases (TALENs) [152] and clustered regularly inter-
spaced short palindromic repeats (CRISPR/Cas9) [153]), allows to cut a specific position in 
DNA sequence and then use endogenous cellular pathways to direct DNA repair to introduce 
specified alterations to the DNA sequence. Genome-editing approaches have been success-
fully used in different livestock species, such as pig [154, 155], goat [156], cattle [157] and 
sheep [158]. In dairy cows, these technologies have been used to manipulate the genome so 
that they produce specific milk types, such as milk that causes less allergic problems (e.g. 
milk with less β-lactoglobulin protein) [159, 160]. These genome-editing tools also helped 
to improve mammary gland health by generating mastitis-resistant cattle [161, 162]. From 
an animal breeding perspective, a simulation study showed that genomic prediction com-
bined with genome editing could be of benefit [163]. A total of 10,000 additive loci were 
simulated and shown to contribute to the variation in selected traits and benefits could be 
achieved with only 20 of those loci being edited in each selected sire [163]. Similar to other 
genome sequences, miRNA gene sequences within mammalian genomes can be easily edited 
with high efficacy and precision [144]. Targeted miRNA editing will enable revelation of the 
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 complex regulatory circuits governed by miRNAs and realization, in the long term, of their 
full diagnostic and therapeutic potentials. For instance, Chen et al. [164] successfully used 
TALEN to disrupt the function of miR-21 in cancerous cells. A transgenic calf engineered to 
express miRNA-4 and miR-6 showed an absence of β-lactoglobulin and a concurrent increase 
in casein proteins in milk [165].

6. Conclusion and remarks

Up to now, it is well known that the mammalian genome encodes thousands of ncRNAs and 
these ncRNAs play important roles in many processes related to MG development, health 
and disease as well as roles in milk secretion and lactation processes. Regarding animal 
breeding, several ncRNAs target specific processes and their target genes could be impor-
tant biomarkers for specific traits of interest. Therefore, the application of ncRNA to improve 
mammary gland health and milk production as well as enhance milk quality is very promis-
ing. However, the first step is a better understanding of ncRNA function in MG development 
and lactation. In fact, the MG is a complex tissue and lactation is a complicated process, but 
what we known about the regulatory networks underling MG function and the lactation pro-
cess is very limited. For instance, through RNA sequencing, many novel ncRNAs have been 
detected in the MG but knowledge of their actual functions remains elusive. Therefore, inte-
grated ‘omics’ approaches (genomics, transcriptomics, epigenomics and proteomics) should 
be used to identify and explore the potential roles of ncRNAs in mammary gland develop-
ment and lactation biology. Moreover, a miRNA can target hundreds of genes thus making it 
difficult, costly and labour-intensive to functionally validate each miRNA gene target. Thus, 
integrative approaches such as combination of miRNA and mRNA expression in the same 
sample will refine computational predictions and increase our understanding of miRNA 
function and its application.
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