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Plasticity of mammary development in the prepubertal bovine mammary gland!»2
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ABSTRACT: Although peripubertal mammary
development represents only a small fraction of
the total mass of mammary parenchyma present in
the udder at the end of gestation and into lactation,
there is increasing evidence that the tissue founda-
tions created in early life can affect future mammary
development and function. Studies on expression of
estrogen and progesterone receptors seem to confirm
the relevance of these steroids in prepubertal mam-
mary development, but connections with other growth
factors, hormones, and local tissue factors remain
elusive. Enhanced preweaning feeding in the bovine
appears to enhance the capacity of mammary tissue to
response to mammogenic stimulation. This suggests
the possibility that improved early nutrition might

allow for creation of stem or progenitor cell popu-
lations to better support the massive ductal growth
and lobulo-alveolar development during gestation.
Increasing evidence that immune cells are involved in
mammary development suggests there are unexpect-
ed and poorly understood connections between the
immune system and mammary development. This is
nearly unexplored in ruminants. Development of new
tools to identify, isolate, and characterize cell popula-
tions within the developing bovine mammary gland
offer the possibility of identifying and perhaps alter-
ing populations of mammary stem cells or selected
progenitor cells to modulate mammary development
and, possibly, mammary function.
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INTRODUCTION

Dairy physiologists have long questioned the rel-
evance of neonatal and peripubertal mammary growth
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in calves and heifers for future development and milk
production. Several very early studies (Swett, 1927;
Swett and Matthews, 1934) sought to define relation-
ships between mammary scores (palpation of paren-
chymal tissue) or mammary anatomy and future milk
production. Since this time, studies generally concen-
trated on possible effects of altered mammary devel-
opment through changes in feeding, diet formulation,
or endocrine manipulation during preweaning, wean-
ing to puberty, or puberty to gestation on subsequent
development or lactation. At a minimum, it is evident
that the mammary tissue foundation produced in the
neonate and young calf provides the underpinning for
subsequent mammary growth and, ultimately, lacta-
tion.

Analogous to findings demonstrating the effects
of fetal and neonatal development on future physiol-
ogy, metabolism, and health (Plagemann et al., 2012;
Roberts et al., 2016), it is logical to suggest that neo-
natal mammary development likely acts to modify
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Figure 1. Parenchymal from heifer calves. Panel A shows trimmed dissected mammary parenchyma from a heifer calf on restricted diet at time of
weaning. Note reduced parenchymal tissue compared with trimmed dissected mammary parenchyma from an enhanced-fed heifer calf at time of weaning
(Panel B). Reference bars indicated 1 cm. Panel C provides quantitative comparison of parenchymal tissue in restricted- vs. enhanced-fed calves (n = 8 per
treatment). Data adapted from Geiger et al. (2016b; with permission). ** P <0.01. PAR = parenchymal; R = restricted fed; EH = enhanced fed.

future growth and function of the mammary gland.
Studies over the past 2 decades have assessed man-
agement of replacement heifers and how these feed-
ing, housing, and care decisions influence the quality
of herd replacements. For some time, a major goal
was to shorten the time needed to transition replace-
ment heifers into the lactating herd. Because puberty
is highly correlated with BW (Sejrsen, 1994), changes
in feeding schemes to increase BW gain can produce
heifers that reach puberty at earlier ages. However, as
previously reviewed (Sejrsen and Purup, 1997; Zan-
ton and Heinrichs, 2005), greater prepubertal gains
can also decrease first lactation performance. Reduc-
tions in development of mammary parenchyma and
corresponding increased mass of the mammary fat
pad occur with excessive prepubertal BW gain. Sug-
gested mechanisms for reduced performance include
failed cell proliferation, failed cellular differentiation,
alterations in mammary stem cells, and premature pu-
berty so that there is a reduction in the length of the
peripubertal allometric growth phase and, likely, fewer
estrus cycles prior to conception. The comprehensive
studies by Meyer et al. (2006a,b) provide compelling
evidence that the reduction in the usual length of the
allometric growth period prior to onset of puberty, in
excessively fed heifers, limits udder development.

To add further complexity, as summarized by Khan
et al. (2011), enhanced feeding of calves prior to wean-
ing correlates with increased future milk production
(Soberon et al., 2012). We (Geiger et al., 2016a,b)
showed that enhanced feeding increased mammary
development in calves compared with restricted-fed
controls (Fig. 1). Demonstration of divergent effects of
feeding rate before weaning vs. after weaning illustrates
the malleable nature of mammary development as well
as how little we truly understand about links between

early management of calves and heifers and future per-
formance (Capuco and Akers, 2010).

Work primarily with nursing piglets has demonstrat-
ed that early colostrum feeding has dramatic impacts on
the subsequent development of the reproductive tract
and ultimately the reproductive success of the gilts. As
reviewed by Bartol et al. (2017), these studies led to de-
velopment of the “lactocrine” hypothesis, which is the
concept that biologically active agents (growth factors,
hormones, bioactive peptides, etc.) in mammary secre-
tions program postnatal uterine development (Bartol et
al., 2008). Taking into account that mammary develop-
ment, like the reproductive tract development, also oc-
curs primarily postnatally, it should not be unexpected
that early colostrum and milk feeding influence future
mammary development. These concepts have been
easier to explore in litter-bearing species (because of
reduced costs, similarity of littermates, etc.). Regard-
less, such studies underscore the seemingly forgotten
idea that mammary secretions evolved not just to pro-
vide nutrition to the suckling young but also to provide
protection and, likely, signaling molecules to promote
growth and development (Capuco and Akers, 2010).
In addition, increased appreciation of the milk micro-
biome in establishment of the gut microbiome and
modulation of immune responses (Rautava, 2016) fur-
ther emphasizes the relevance of mammary secretions
to neonatal development. A recent report (Wilson et
al., 2017) showed that preweaned restricted-fed calves
have impaired endometrial gland development and al-
terations in growth factor—related signaling molecules.
This suggests that the level of nutrition or components
in milk replacer can affect reproductive tract develop-
ment in calves.

The reasonable conclusion from published litera-
ture is that both preweaning and postweaning nutri-
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tion and management can influence mammary devel-
opment and health, immune competency, physiology,
or gene activity to modify future productivity (Khan et
al., 2011). The goal of this review is to describe some
of the developmental changes in the peripubertal bo-
vine mammary gland induced by endocrine and nutri-
tional manipulation during the peripubertal period and
to provide some discussion of possible hypotheses to
explain impacts on future performance.

HORMONAL CONTROL OF PREPUBERTAL
MAMMARY DEVELOPMENT

It is not unexpected that many of the impacts of
nutrition on peripubertal mammary development in-
volve changes in concentrations of hormones and
growth factors and their receptors. As reviewed (Se-
jrsen and Purup, 1997; Purup et al., 2000; Vestergaard
et al., 2003), changes in feeding rate or diet produces
changes in GH, IGF-I, IGF-I binding proteins, etc.,
that can influence mammary cell proliferation and de-
velopment both systemically and locally (Akers et al.,
2000). In several studies, we evaluated the effects of
pubertal ovariectomy on mammary development. On
the surface, it is intuitive that the ovary would be im-
portant for mammary development, but it is important
to appreciate that in these studies, the ovariectomy oc-
curred well before puberty. Several points seem clear.
The earlier the ovariectomy and the longer the interval
between ovariectomy and tissue collection, the greater
the negative effects on overall mammary growth (Ber-
ry et al., 2003; Velayudhan et al., 2012). Likewise, as
noted with negative impacts of prepubertal overfeed-
ing, local mammary tissue IGF-I is reduced and secre-
tion of some inhibitory IGF-I binding proteins is in-
creased in response to prepubertal ovariectomy (Berry
et al., 2003). As demonstrated in somewhat older pre-
pubertal heifers, ovariectomy reduced mammary de-
velopment and acute mammary cell proliferation (Pu-
rup et al., 1993b, 1995). Furthermore, exogenous GH
was not able to stimulate mammary growth in ovariec-
tomized heifers. In addition, mammary explants from
ovariectomized heifers were less sensitive to IGF-I
as measured by direct receptor binding (Purup et al.,
1995), but explants from both intact and ovariecto-
mized heifers showed increased proliferative respons-
es to graded concentrations of added IGF-I (Purup et
al., 1993a). Although Purup et al. (1993b) noted small
but significant differences in circulating concentra-
tions of estradiol in intact vs. ovariectomized heifers,
in subsequent experiments using younger animals, we
showed no difference in concentrations of estradiol
despite decreased mammary development after ovari-
ectomy (Velayudhan et al., 2015).
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In addition to the IGF-I axis, it can be suggested
that ovarian steroids mediate prepubertal mammary
development. For example, exogenous estradiol stim-
ulates mammary growth in prepubertal ruminants, re-
gardless of ovarian status (Woodward et al., 1993; Ellis
et al., 1998), and there is a dose-related response when
estradiol is added to heifer mammary explants (Pu-
rup et al., 1993b). However, Woodward et al. (1994)
reported that MAC-T cells, an immortalized bovine
mammary cell line (Huynh et al., 1991), proliferated in
a dose-responsive manner to added fetal bovine serum,
tissue extracts, insulin, or IGF-I, but the cells were un-
responsive to epidermal growth factor (EGF), bovine
growth hormone (bGH), prolactin, estradiol, or pro-
gesterone (P4). Specific to the estrogen response, this
suggests that MAC-T cells are either estrogen receptor
negative or that such monocultures lack a cohort of
other cells required for a local proliferative response
to estrogen. For example, Capuco et al. (2002) showed
that actively proliferating bovine mammary epithelial
cells do not express estrogen receptor o (ESR1; i.e.,
5-bromo-2-deoxyuridine [BrdU]J—positive cells were
ESR1 negative). This suggests that ESR1 signaling in
mammary tissue induces local tissue mediators that
stimulate proliferation in neighboring cells rather than
directly stimulating cell division in receptor-positive
cells. Perhaps ESR1 stimulation alters local produc-
tion of IGF-I axis molecules that in turn promote an
increase in mammary development. However, this is
almost certainly a simplistic and naive view of effects
of estrogen on the developing mammary gland. Li
and Capuco (2008) analyzed transcript profiles from
prepubertal heifers either ovariectomized or intact
with or without short-term treatment (54 h) with ex-
ogenous estrogen. They noted that the expression of
2,344 genes was altered by estrogen, with 1,016 genes
changed by estrogen regardless of tissue (mammary
fat pad vs. parenchyma) or ovarian status. Functional
classes of genes impacted included those associated
with cell-to-cell signaling, cell growth and prolifera-
tion, cell movement, and cell morphology. In paren-
chymal tissue, estrogen impacts phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT), Janus kinase
(JAK)/signal transducer and activator of transcription
(STAT), and G protein receptor signaling pathways
and, in the mammary fat pad, estrogen altered cyclic
adenosine monophosphate-mediated and IGF-I sig-
naling pathways. This suggests mammary tissue re-
sponses to estrogen are complex.

A combination of GH and estrogen are known to
be key mammogenic hormones driving peripubertal
mammary duct development (Tucker, 2000). How-
ever, it is also clear that direct effects of both GH and
estrogen on mammary epithelial cell proliferation
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were difficult to demonstrate. Estrogen induces pro-
duction of multiple growth factors in a variety of nor-
mal and malignant tissues (Sirbasku, 1978). Moreover,
a plethora of growth factors (e.g., IGF-I, fibroblast
growth factors, EGF, and TGF-B) can stimulate pro-
liferation of mammary cells. A relationship between
estrogen stimulation and the IGF-I axis is probably
most well developed in rodent models (Kleinberg and
Ruan, 2008), but evidence in ruminants also supports
this concept (see above). Berryhill et al. (2016) dis-
cuss many of the nuances associated with estrogen-
dependent and -independent stimulation of mammary
cell proliferation in their recent review.

At least in ruminants, the conventional thought has
been that P4 is primarily important in lobulo-alveolar
formation during gestation. Progesterone receptors are
present in bovine mammary cells of prepubertal heif-
ers but are lost following ovariectomy (Velayudhan et
al., 2015). It is difficult to envision that expression of
the receptors would not be physiologically relevant;
however, treatment of heifers with exogenous P4 had
no significant effect on mammary cell proliferation
(Woodward et al., 1993). Although results are mixed
(see Berryhill et al., 2016, for review), exogenous P4
was shown to stimulate ductal growth in male and fe-
male C3H mice (Skarda et al., 1989), stimulate appear-
ance of terminal endbuds in BALB/c mice (Atwood et
al., 2000), and increase cell proliferation in ovariec-
tomized mice (Aupperlee et al., 2013). Progesterone
can also act in concert with IGF-I to increase ductal
development (Ruan et al., 2005). As Berryhill et al.
(2016) describe for rodents, it is likely that in addition
to estrogen, P4 and prolactin are involved in pubertal
mammary ductal development, but how this translates
to farm animals is largely unexplored. For example,
Horigan et al. (2009) evaluated the effects of combi-
nations of prolactin and ovarian steroids on mammary
growth in ovariectomized gilts. They reported positive
proliferative responses to estrogen, estrogen + P4, and
estrogen + prolactin but not P4 + prolactin. Both ESR1
and PG receptors are expressed in mammary epithelial
cells at multiple stages of development (i.e., calves,
nonpregnant and pregnant heifers, and the lactation
and dry period); however, mRNA expression and im-
munochemical localization for both receptors is great-
est for calves (Connor et al., 2005).

We have recently studied the effects of prepuber-
tal ovariectomy and treatment with the antiestrogen
tamoxifen on mammary development, cell prolifera-
tion, and expression of ESR1 and progesterone recep-
tor (PGR) in prepubertal heifers (Tucker et al., 2016).
Briefly, calves were given tamoxifen or a placebo from
28 d of age until slaughter at 120 d of age. As with
ovariectomy, overall mammary parenchymal growth
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measured as either dissected mass or DNA was ap-
proximately 50% lower in tamoxifen-treated calves.
Interestingly, at slaughter, the number of Ki67-positive
epithelial cells was greater in tamoxifen-treated calves,
significantly so in the tissue region closest to the mam-
mary fat pad. Treatment did not affect the location of
ESR1- or PGR-positive cells within the epithelial lay-
er. Overall, about 40% of cells were positive for ESR1,
but the proportion did not differ by treatment. Most
striking, using multispectral imaging, was the 6.2-fold
lower expression of ESR1 among epithelial cells that
were ESR1 positive. There was also reduced expres-
sion of ESR1 mRNA. In contrast to the response to
ovariectomy (Velayudhan et al., 2015), the proportion
of PGR-expressing cells was similar (37%) in tamoxi-
fen- and placebo-treated heifers. Especially evident in
placebo-treated heifers was that most ESR1-positive
cells also expressed PGR (Fig. 2). However, the de-
gree of PGR expression among positive cells was 42%
greater in tamoxifen-treated heifers.

We recently reported (Geiger et al., 2017) the im-
pact of preweaning diet on the expression of ESR1
and PGR in mammary tissue of heifer calves and cor-
responding rates of cell proliferation. Our hypothesis
was that mammary tissue from enhanced-fed calves
would be more responsive to mammogenic hormones.
Essentially, improved nutrition would better prepare
the mammary gland to respond to signals that induce
peripubertal mammary development. Our earlier re-
ports (Geiger et al., 2016a,b) showed that enhanced
preweaning feeding increased mammary growth and
the response to exogenous estradiol.

Figure 3 illustrates differences in ESR1 expression
intensity among epithelial cells positive for ESR1, the
proportion of ESR1-positive cells, and corresponding
rates of cell proliferation of epithelial cells within ter-
minal ductal structures. Capuco et al. (2002) showed
that epithelial cells within the distal regions of the ter-
minal ductal units were very highly proliferative and
that nearly all actively proliferating cells (BrdU posi-
tive) were ESR1 negative. Our data showed increased
intensity of ESR1 expression in ESR1-positive cells
in enhanced-fed calves compared with restricted-fed
calves. Administration of estradiol decreased the in-
tensity of ESR1 expression as well as the proportion
of epithelial cells that express ESR1. Cell prolifera-
tion increased in enhanced-fed calves compared with
restricted-fed calves, and administration of estradiol
increased cell proliferation in both dietary groups.
Given that ESR1 cells are nonproliferating, the greater
rate of BrdU incorporation in estradiol-treated calves
may reflect, in part, the greater availability of prolif-
eration-competent epithelial cells in estradiol-treated
calves compared with placebo-treated calves. Regard-
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Figure 2. Mammary expression of steroid receptors. Panel A illustrates expression of estrogen receptor o (ESR1) and panel B illustrates expression
of progesterone receptor (PGR) in the same mammary tissue section from a prepubertal heifer. Note that a majority of the cells that express ESR1 also
express PGR. Panel C shows the dramatic decrease in the level of expression (per positive cell) of ESR1 in prepubertal heifers treated with tamoxifen. Panel
D illustrates a modest but significant increase in the intensity of PRG expression in tamoxifen-treated heifers. Data adapted from Tucker et al. (2016; with
permission). *P < 0.05; **P < 0.01. CON = placebo treated; TAM = tamoxifen treated.

less, these data suggest that changes in expression of
ESR1 and/or PGR are likely important in regulation of
prepubertal mammary development related to endo-
crine or nutritional manipulation in prepubertal calves.

OTHER FACTORS AFFECTING
PERIPUBERTAL MAMMARY
DEVELOPMENT

A number of recent rodent studies (Coussens and
Pollard, 2011; Need et al., 2014; Brady et al., 2016)
provide compelling evidence that a number of im-
mune cells, particularly macrophages, eosinophils,
and mast cells, are involved in the regulation of ductal
elongation and development. These studies suggest
these populations of immune cells act to modify the
stromal environment (Unsworth et al., 2014) by local-
izing along the elongating endbuds and ductal struc-
tures. For example, macrophages appear to align in
association with collagen fibrils along the neck of the
endbuds (Ingman et al., 2006), mast cells align near

the bulbous endbud structure (Lilla and Werb, 2010),
and eosinophils align near ductal branch points (Reed
and Schwertfeger, 2010). Evidence that is more direct
comes from experiments where local immune cells
were eliminated, leading to markedly impaired mam-
mary development and then recovery after a bone
marrow transplant (Gouon-Evans et al., 2000).
Information specific to immune cells and early bo-
vine mammary development is minimal. However, we
(Beaudry et al., 2016) have evaluated differences in the
distribution of macrophages, mast cells, and eosino-
phils in bovine mammary tissue associated with age,
ovariectomy, and estrogen treatment. Immune cells,
in general, were not randomly distributed in the mam-
mary stroma but were most often closely adjacent to
epithelial structures. Many of these immune cells can
produce cytokines and growth factors capable of stim-
ulating mammary epithelial cells. Immune cells can
also respond to many mammary active agents. Figure
4 illustrates a cluster of immune cells in the stroma
surrounding developing mammary ducts from a pre-
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Figure 3. Mammary cell expression of ESR1 in restricted-fed calves vs. enhanced-fed calves at the time of weaning (8 wk) and following 2 wk of
treatment with estradiol after weaning. Panel A shows increased expression of ESR1 in cells positive for ESR1 in enhanced-fed calves and reduced ex-
pression in both dietary groups following treatment with estradiol. Panel B shows the proportion of 5-bromo-2-deoxyuridine (BrdU)-labeled cells within
terminal ductal structures. Proliferation is greater in enhanced-fed calves and further increased proliferation after estradiol in both dietary treatments. Panel
C shows the percentage of epithelial cells expressing ESR1. Dietary treatment did not change the proportion of ESR1-positive cells but administration of
estradiol reduced the percentage of ESR1-positive cells. In all graphs, bars with different superscripts are significantly different (P < 0.05). Data adapted
from Geiger et al. (2017; with permission). R = restricted fed; EH = enhanced fed; R-E2 = restricted fed + estradiol; EH-E2 = enhanced fed + estradiol.

aCMeans with different superscripts differ (P < 0.05).

pubertal calf. In this example, cells are expressing the
IGF-I receptor. Expectedly, there is abundant receptor
expression within the mammary epithelial cells, but es-
pecially striking is the very pronounced expression by
clusters of immune cells within the stromal tissue. Such
findings suggest there are multiple interactions among
populations of immune cells in the mammary tissue and
the control of mammary development and function. A
recent report (Bruno et al., 2017) clearly demonstrates
the ability of the mammary extracellular matrix to redi-
rect the differentiation of testicular and embryonic stem
cells to create functional mammary glands. This result
reinforces the significance of the local tissue environ-
ment in the control of mammary development and func-
tion irrespective of hormones and growth factors.
Lastly, a discussion of mammary development
would not be comprehensive without some consider-
ation of mammary stem cells (MaSC). Certainly, there
has been greater progress in identification of MaSC in
rodents than in farm animals. Indeed, the “gold stan-
dard” for identification of MaSC has been the capac-
ity of even a single isolated epithelial cell (Kordon and
Smith, 1998; Shackleton et al., 2006) to regenerate the
mammary gland when transplanted into cleared (na-
tive epithelium removed) mammary fat pad in the mu-
rine mammary gland. This and related murine studies
demonstrated that MaSC are not limited to rudimentary
mammary structures but are positioned throughout the
developing mammary ductal system and within alveo-
lar structures. True MaSC undergo 2 types of cell divi-
sion, asymmetric and symmetric. With symmetric divi-
sion, the result is the creation of 2 daughter stem cells
and the expansion of the stem cell population. With
asymmetric division, there is self-renewal of the stem

cells and production of progenitor cells. These “com-
mon” progenitor cells give rise to daughter cells that
are the progenitors for the ductal, luminal, and myoepi-
thelial cells. A key feature is that the farther removed
from the MaSC the new cell is, the more committed and
functionally differentiated it becomes.

Regardless of the hurdles (as reviewed by Capuco
and Ellis [2005] and Capuco et al. [2012]), there have
been a number of studies seeking to identify stem and
progenitor cells in the bovine mammary gland. For ex-
ample, Ellis and Capuco (2002) quantified proportions
of lightly stained, intermediate, and darkly stained epi-
thelial cells in growing bovine mammary glands. The
population (approximately 10% of the total) of lightly
stained epithelial cells in tissue sections accounted for
about 50% of the proliferating cells. They concluded
that this population was likely a mixture of stem cells
and progenitor cells. Capuco (2007) subsequently de-
scribed the identification and quantitation of putative
bovine MaSC based on long-term labeling of DNA
with BrdU (i.e., label-retaining epithelial cells [LREC]
that do not express ESR1). Estimates of the percentage
of heavily labeled cells corresponded with expected re-
gional differences in the developing udder. Values also
corresponded with proportions of MaSC estimated
in murine mammary glands. Choudhary et al. (2013)
used laser capture microdissection and gene expres-
sion to evaluate the transcriptomes of basally located
LREC compared with LREC embedded within the
epithelium. They also did comparisons between LREC
and control cells isolated from the ductal epithelium.
They found 592 genes differentially expressed between
basal LREC and basally located control cells as well
as 110 genes differentially expressed between LREC
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Figure 4. Immunocytochemical localization of IGF-1 receptor in mammary tissue of a prepubertal heifer. In the upper panel, E and arrows indicate
consistent expression of IGF-I receptor (red) in the cytoplasm (cell membrane) in clusters of ductal structures. The upper left shows intense receptor expres-
sion in a group of immune cells. Panel B shows another grouping of intensely stained immune cells as well as a less intensely stained ductal structure (lower
right). In both panels, red indicates IGF-I receptor expression and blue 4’,6-diamidino-2-phenylindole staining of cell nuclei (R.M. Akers, unpublished data).

embedded within the epithelium and other control epi-
thelial cells also embedded within epithelium. Possible
MaSC biomarkers included hepatocyte nuclear factor
4 o (HNF4a). Overall, results support the idea that ba-
sally located ESR1-negative LREC are likely true bo-
vine MaSC whereas LREC positioned within the epi-
thelial layer are possibly common progenitor cells (see
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Fig. 5). In related studies, these researchers (Capuco et
al., 2009; Choudhary and Capuco, 2012) showed that
intramammary infusions of xanthosine increased the
population of MaSC/progenitor cells.

Recent studies have used enzymatic digestion of
mammary tissue and cell sorting with panels of an-
tibodies to separate populations of mammary epithe-
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Figure 5. Proposed mammary cell hierarchy adapted from Capuco et al. (2012). LREC = label-retaining epithelial cells; BrdU = 5-bromo-2-deoxy-
uridine; ER™ = ESR1 negative;ER" = ESR1 positive; HNF4a = hepatocyte nuclear factor 4 a; NR5SA2 = nuclear receptor subfamily 5, group A, member 2;

Sca-1 = stem cell antigen-1; MaSC = mammary stem cells.
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Table 1. Summary of possible markers for epithelial cell development in the bovine mammary gland

Hierarchy member! Presumptive marker or markers?

Reference

MaSC LREC (BrdU and ER™), Musashi-1, Sca-1,
HNF4a, NR5A2, Pale staining, and CD24med/
CDA491{Pos
Common progenitor CD24high/CD49fmeg
Alveolar progenitor CD24high/CD49fe8 and CD247/CD49f"
Ductal progenitor CD24"¢8/CD491{Pos

CD24high/CD49fe8 and CD24 /EpCAM™

CD24"8/CD49fP%s, CD24/CD10~, P63, P40,
CALLA, CD10, and SMA

CD24neg/CD49{P0s
CD24med/CD49fmeg
P63, CALLA, CD10, and SMA

Luminal progenitor

Myoepithelial progenitor

Ductal epithelium
Alveolar epithelium

Myoepithelial cell

Capuco et al. (2012), Colitti and Farinacci (2009), Choudhary et al.
(2013), Motyl et al. (2011), Perruchot et al. (2016), and Rauner and
Barash (2012, 2016)

Perruchot et al. (2016) and Rauner and Barash (2012, 2016)
Perruchot et al. (2016) and Rauner and Barash (2012, 2016)
Perruchot et al. (2016) and Rauner and Barash (2012, 2016)
Perruchot et al. (2016) and Rauner and Barash (2012, 2016)

Capuco et al. (2012), Ellis et al. (2012, Perruchot et al. (2016), Rauner
and Barash (2012, 2016), and Safayi et al. (2012)

Perruchot et al. (2016) and Rauner and Barash (2012, 2016)
Perruchot et al. (2016) and Rauner and Barash (2012, 2016)
Ellis et al. (2012) and Safayi et al. (2012)

! Adapted from Capuco et al. (2012). MaSC = mammary stem cells.

2Definitions for markers: LREC = label-retaining epithelial cell (i.e., long-term retention of bromodeoxyuridine); BrdU = 5-bromo-2-deoxyuridine; ER™ =
ESRI negative. Musashi-1 is a RNA-binding protein. Sca-1 = stem cell antigen-1, initially associated with hematopoietic cell lineages; HNF4a = hepatocyte
nuclear factor 4 alpha (or NR2A1 [nuclear receptor subfamily 2, group A, member 1]), a transcription factor; NR5SA2 = nuclear receptor subfamily 5, group
A, member 2. Pale staining refers to mammary epithelial cells with minimal organelles and reduced general staining believed to include MaSC. CD = cluster
of differentiation; these proteins are cell surface proteins (markers) most often associated with immune cells. Variants of these proteins (CD24, CD49f, etc.)
and patterns of expression have been associated with presumptive MaSC and progenitor cells in the bovine. EpCAM = epithelial cell adhesion glycoprotein;
P63 = transformation related protein P63; P40 = isoform of P63, Np63; CD10 or CALLA = common acute lymphoblastic leukemia antigen, a presumptive
marker for cytoplasm of myoepithelial cells and precursors; SMA = smooth muscle actin, a classic marker of smooth muscle and mature myoepithelial cells.

lial cells in attempts to better define MaSC as well as
various progenitor cells (Motyl et al., 2011; Rauner
and Barash, 2012). Use of a myriad of cluster of dif-
ferentiation (CD) proteins as markers has allowed
for identification and segregation of multiple popula-
tions of epithelial cells believed to represent authen-
tic MaSC and various progenitor cells. Subsequent
approaches to characterize these cells have included
tabulation of morphological responses (e.g., formation
of colonies with duct-like or alveolar-like structures
following transplantation into the cleared fat pads of
immunocompromised nude mice). Appearance of spe-
cific phenotypes has allowed the putative identifica-
tions of ductal, alveolar, and myoepithelial progenitor
cells and bovine MaSC (Rauner and Barash, 2016).
There is quantitation of numbers of these cell classes
over the lactation cycle (Perruchot et al., 2016). Oth-
ers have estimated the effects of prepubertal nutrition
(Daniels et al., 2009), ovariectomy (Ellis et al., 2012),
or treatment with antiestrogens (Tucker et al., 2016)
on populations of putative bovine MaSC through
counting of LREC. Possible populations of bovine
MaSC were also estimated by counting the number of
cells expressing HNF4a in water buffalo (Choudhary
et al., 2016). Similarly, Colitti and Farinacci (2009)
estimated the number of MaSC in ovine mammary
gland by counting the number of Musashi-I expressing
cells across different stages of development. Specific
to myoepithelial cells and their progenitors, Ellis and
colleagues (Ballagh et al., 2008; Safayi et al., 2012;
Tucker et al., 2016) showed that smooth muscle actin
or common acute lymphoblastic leukemia antigen are

good cytoplasmic markers and that transformation-
related protein 63 is an excellent nuclear marker for
these cells. Figure 5 provides a summary of a pro-
posed hierarchy of mammary epithelial cell develop-
ment based on the review from Capuco et al. (2012)
and references cited above.

Table 1 provides a summary of cells involved in
this hierarchy and various markers believed to be as-
sociated with some of these cells. It is likely that some
of the cells may share markers. There is also inconsis-
tency in the descriptive characterization of cell popu-
lations within the mammary gland (i.e., basal vs. lumi-
nal, luminal progenitors vs. lumino-ductal progenitors,
etc.). Therefore, there are conflicting results because
of the absence of a standard classification for the vari-
ous cells. This means that absolute identification is
likely to require detection of a “set” or a complex of
markers to improve confidence. Lastly, it must be con-
sidered that responses of presumptive bovine MaSC or
progenitors in culture or following transplantation into
mice do not reproduce the bovine mammary gland and
its function. The recent report by Bruno et al. (2017)
demonstrating that the extracellular matrix isolated
from the mammary gland can induce embryonic or
testicular cells to acquire a mammary phenotype illus-
trates the significance of tissue environment in regula-
tion of mammary morphogenesis and function.

In summary, despite many years of study evaluat-
ing the effects of hormones and growth factors, diet
and management, genetics, and other factors on reg-
ulation of peripubertal mammary development and
associated expression of genes and proteins in rumi-
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nants, understanding remains incomplete. However,
new and useful imaging tools (Ellis et al., 2012) and
the capacity to identify and study distinct cell popula-
tions within the growing mammary gland continue to
provide opportunities and unexpected approaches to
decipher the keys that control mammary development
and ultimately function.
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