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ABSTRACT

The mammary gland undergoes distinct periods of
growth, development, and secretory activity. During
bovine lactation, a gradual decrease in the number
of mammary epithelial cells largely accounts for the
decline in milk production with advancing lactation.
The net decline in cell number (approx. 50%) is due to
cell death but is simultaneously accompanied by cell
renewal. Although the rate of cell proliferation is slow,
by the end of lactation most cells in the gland were
formed after calving. Typically milking is terminated
when cows are in the final 2 mo of pregnancy. This
causes regenerative involution, wherein extensive cell
replacement and mammary growth occurs. We hypoth-
esized that replacement of senescent secretory cells and
progenitor cells during the dry period increases milk
yield in the next lactation. Analysis of global gene
expression revealed networks and canonical pathways
during regenerative involution that support cell turn-
over and mammary growth, and reflect oxidative stress,
mitochondrial dysfunction, and endoplasmic reticulum
(ER) stress. Immune responses consistent with influx
of neutrophils, macrophages, and lymphocytes, and
processes that support mammary differentiation and
lactogenesis were also evident. Data also suggest that
replication of stem and progenitor cells occurs dur-
ing the dry period. Relying on long-term retention of
bromodeoxyuridine-labeled DNA, we identified puta-
tive bovine mammary stem cells. These label-retaining
epithelial cells (LREC) are in low abundance within
mammary epithelium (<1%), predominantly estrogen
receptor-negative, and localized in a basal or suprabas-
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al layer of the epithelium. Analyses of gene expression
in laser-microdissected LREC are consistent with the
concept that LREC represent stem cells and progeni-
tor cells, which differ in properties and location within
the epithelial layer. We identified potential markers for
these cells and have increased their number by infusing
xanthosine through the teat canal of prepubertal heif-
ers. Altering population dynamics of mammary stem
and progenitor cells during the mammary cycle may be
a means to increase efficiency of milk production.

Key words: lactation, regenerative involution, cell
turnover, mammary stem cells, ribonucleoside

INTRODUCTION

The mammary gland is the defining feature of mam-
malian reproductive strategies. Being tied to the nur-
turing of offspring, mammary functionality is transient,
and it is only after pregnancy that the mammary gland
is fully developed. However, at birth the mammary
gland is armed with a complement of somatic stem cells
and progenitor cells that provide for the developmental
changes that begin shortly after birth and for the cycli-
cal changes that occur in synchrony with reproductive
cycles. These cyclical changes result from endocrine,
nutritional, and management factors associated with
reproduction.

The intent of this review is to describe changes in
the mammary epithelium during the life cycle of dairy
cows and discuss mammary stem cell (MaSC)-based
methods to increase milk production efficiency. Data
support the importance of cell replacement (turnover)
during both lactation and the dry period. Cell turnover,
tissue repair, and mammary growth and development
depend on the function of MaSC and progenitor cells.

Others in this symposium will describe the regulation
of secretory activity and the use of recent advances
in stem cell biology, imaging technologies, and com-
parative genomics to address broad questions about
the mammary genome and its regulation. The use of
advanced imaging technologies and novel technologies,
combined with classical approaches and knowledge,
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offer the promise of providing a wealth of knowledge
regarding mammary gland biology that will benefit
humankind.

POPULATION DYNAMICS DURING LACTATION

The amount of milk produced by a mammary gland
reflects the number of secretory epithelial cells and the
activity per cell. Rates of cell proliferation and cell loss,
along with changes in the secretory activity of mam-
mary epithelial cells (MEC), account for the shape of
the lactation curve. With the onset of lactation, the
metabolic and secretory activity per cell increases as
the lactation becomes established. Changes in the
secretory epithelium include closure of the tight junc-
tions between adjacent cells (McFadden et al., 1987;
Stelwagen et al., 1997; Casey and Plaut, 2007) and
increased differentiation of secretory cells, including in-
creased prominence of the endoplasmic reticulum (ER)
and mitochondria (Hollmann, 1969; Akers et al., 1981).
Strategies to enhance secretory rate, induce cell prolif-
eration, or reduce cell loss can increase milk yield, but
what are the relative contributions of these parameters
during a normal bovine lactation?

In litter-bearing species, mammary growth during
early lactation is quite evident and is crucial to meet
the nutrient demands of a suckling litter. Mammary
growth during early lactation in sows and rodents may
equal the growth that occurs during pregnancy (Hurley,
2001) in response to the suckling stimulus and milk re-
moval (Knight et al., 1984; Hadsell et al., 2006). In con-
trast, mammary growth during early lactation in dairy
ruminants is less pronounced. In dairy goats and sheep,
mammary growth during early lactation accounts for
approximately 20% of the total number of mammary
cells (Anderson, 1985), but in dairy cows there is little
evidence for continued accretion of mammary cells dur-
ing early lactation (Capuco et al., 2001; Finucane et
al., 2008), although increased milking frequency during
the first weeks of lactation may elicit a proliferative re-
sponse in the mammary epithelium and an increase in
milk yield that persists after reverting to less-frequent
milking (Bar-Peled et al., 1995; Hale et al., 2003). How-
ever, others have not confirmed a proliferative response
(Wall et al., 2013).

The relative contributions of cellular synthetic capac-
ity and cell number have been evaluated throughout
a caprine lactation (Knight and Peaker, 1984). The
increase in milk production during early lactation was
the result of increased mammary cell number followed
by an increase in secretory activity per cell. After peak
lactation, decreased milk yield with advancing lacta-
tion was primarily the result of declining cell number.
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However, during late lactation, when goats were con-
comitantly pregnant, the secretory activity per cell also
declined.

Mammary cell number and secretory activity simi-
larly were analyzed during a bovine lactation, but,
importantly, the study included a quantitative evalu-
ation of mammary epithelial cell kinetics (Capuco et
al., 2001). Based on measures of total udder DNA in
nonpregnant, multiparous cows, increased milk yield
during early lactation has been attributed to increased
secretory activity per cell, and the decline in milk yield
with advancing lactation was attributed to declining
cell numbers, with a constant secretory rate. However,
when cows are concomitantly lactating and pregnant, a
decline in secretory capacity per MEC may occur and
is readily apparent during late pregnancy or extended
lactation, when the number of MEC increases simulta-
neously with a rapid decline in milk production. Rates
of proliferation and apoptosis were estimated by cel-
lular incorporation of bromodeoxyuridine (BrdU, thy-
midine analog) and terminal deoxynucleotidyl (dUTP)
nick-end labeling (TUNEL), respectively. Rates of
mammary cell proliferation were determined by admin-
istering multiple injections of BrdU to label the cells
that synthesized DNA within a 24-h labeling period
and then quantifying these cells via immunohistochem-
istry. The 24-h labeling period provided a measure of
average daily proliferation rate even in the presence of
an underlying diurnal pattern of DNA synthesis, such
as that evident in rodent mammary glands (Borst and
Mahoney, 1980). The in situ labeling of apoptotic cells
in histological sections by TUNEL detects cells with
DNA fragmentation that accompanies programmed cell
death. Because these labeled cells are present for about
3 h (Bursch et al., 1990), we multiplied the apoptotic
index by 8 to estimate the 24-h apoptotic rate (Capuco
et al., 2001). This provided a proliferation rate of 0.3%
and an apoptotic rate of 0.56%.

The measures of proliferation rate and apoptotic
rate accounted for the decline in cell number during
lactation. Applying the estimated apoptotic and prolif-
eration rates, we generated curves for cumulative cell
loss, cumulative cell proliferation and net cell number
(Figure 1; Capuco et al., 2001) We found that (1) the
predicted decline in cellular DNA closely approximated
the DNA data obtained through chemical assay, and
(2) at 252 d of lactation the MEC present in the gland
equaled the number of cells that were formed during
lactation. If newly formed cells did not undergo apopto-
sis within this time frame, then all the cells in the gland
were formed during lactation. If that is not the case,
then the turnover of epithelial cells will be less, but
certainly greater than 50%. Although epithelial cells
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Figure 1. Components of mammary cell (DNA) turnover during lactation. (A) Bromodeoxyuridine (BrdU) and apoptosis labeling indices,
mean + SE. (B) Curves predicting the DNA content during lactation, based on rates of proliferation (0.003/d) and cell death (0.0056/d) de-
rived from data in panel A. Accumulated synthesis of new DNA (formation of new cells) is indicated by the dotted line. The accumulated loss
of DNA by apoptosis is indicated by the dashed-dotted line. Net loss of DNA (difference between synthesis and loss) is shown by the solid line.
Experimental data points from 2 experiments are represented by circles and squares in panel B. (Adapted from Capuco et al., 2001.)

can be sloughed into the milk, our measures of SCC
and previously reported estimates (Miller et al., 1991)
of the proportion of SCC that are epithelial (<20%)
revealed that this potential route of epithelial loss ac-
counts for less than 2% of the decline in mammary
epithelial DNA. When cows are concomitantly lactat-
ing and pregnant, it is likely that a decline in secre-
tory capacity per mammary cell accompanies advanced
pregnancy, due to conflicting metabolic demands of
gestation and lactation. This is readily apparent during
late pregnancy or extended lactation, when the number
of MEC increases simultaneously with a rapid decline
in milk production.

Although absolute rates of cell proliferation and death
during lactation appear to be low, the balance of these
processes promotes gradual cell loss but considerable
cell turnover during a typically lengthy (~300 d) bovine
lactation. These measures provided the first quantita-
tive demonstration that cell death can account for the
decline in mammary cell number and milk yield during
lactation (Capuco et al., 2001). In contrast to the cell
turnover during a bovine lactation, approximately 75%
of mammary cells are maintained throughout a typi-
cal lactation in rats (Pitkow et al., 1972). This lack of
extensive cell turnover is probably due to the much
shorter length of lactation in rodents than in cows.
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Several factors can influence the persistency of lacta-
tion and have been described in previous reviews and
reports (Capuco et al., 2003; Dahl et al., 2017; Tao
et al., 2019). Factors with the potential to enhance
persistency of lactation by increasing cell proliferation
or decrease cell death include (1) bovine somatotropin
(bST) and components of the growth hormone (GH)/
IGF axis; (2) prolactin, through potential interactions
with IGF survival activity; (3) photoperiod, likely
mediated by prolactin and the IGF axis; (4) increased
milking frequency; and (5) antioxidants. Factors that
can increase cell death and decrease persistency include
(1) mastitis—several stimuli may be involved; (2) neu-
trophil surveillance activity in the absence of infection;
(3) decreased milking frequency; (4) decreased blood
flow; (5) stressors, such as heat stress; (6) pregnancy,
which, in later stages of gestation, may negatively af-
fect milk production due to competing nutrient parti-
tioning demands and hormonally by apoptotic effects of
estrogens. Recently, transcription factor X-box binding
protein 1 (XBP1) has been shown to promote expan-
sion of the MEC population in mice and development
of the ER compartment during lactation in mice and
cows (Davis et al., 2016; Krumm C.S. et al., 2018). The
regulation of XBP1 may therefore provide additional
clues for enhancing lactation persistency in cows.
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THE DRY PERIOD: REGENERATIVE INVOLUTION

Knowledge of biological events that occur after ces-
sation of milking provides a foundation for dairy cow
management. Conventional management in the United
States employs a 40- to 60-d nonlactating interval (dry
period) between successive lactations, to optimize milk
yield in the next lactation (Swanson, 1965; Kuhn et
al., 2006). With continued increases in milk production
due to selective breeding and dairy management (milk-
ing frequency, photoperiod, nutritional management),
knowledge of population dynamics and genetic regula-
tion during the dry period is of increasing importance.
This knowledge is also pertinent because appropriate
dry-period management is critical for reducing suscep-
tibility to mastitis and metabolic disease during this
time of heightened sensitivity (Goff and Horst, 1997;
Ingvartsen and Andersen, 2000; Sordillo and Streicher,
2002; Pezeshki et al., 2010).

Milk stasis produced by termination of milking or
weaning promotes involution of the mammary glands.
Most of our knowledge about mammary involution is
derived from use of mouse experimental models (Wat-
son and Kreuzaler, 2011; Warri et al., 2018). Factors
that promote use of murine models include availability
of inbred strains to reduce animal variability, amenabil-
ity to genetic manipulation including transgenics and
knockouts, and certainly cost. Almost exclusively, that
work has involved weaning nonpregnant mice during
peak lactation. This stresses the conversion from a
lactating state to a nonlactating state, with synchro-
nization and rapid intensification of regulatory and
morphological events. Mammary involution, which is
regulated by local and endocrine factors, is character-
ized by apoptotic death of MEC and their removal
by phagocytes, including macrophages and epithelial
cells (Li et al., 1997; Fadok, 1999; Wilde et al., 1999).
In nonpregnant mice, forced weaning induces apopto-
sis within 24 h and irreversible mammary involution
within 3 d. Extensive stromal and epithelial remodeling
occurs, so that the fully involuted gland resembles that
of a virgin mouse (Wilde et al., 1999).

In contrast to the typical mouse model, management
of dairy cows (and weaning of mice in the wild) typi-
cally involves extensive overlap of lactation and preg-
nancy. In cows, milking is typically terminated well into
the declining phase of lactation and the final months
of pregnancy. Furthermore, secretory activity in the
mammary gland is heterogeneous, and, particularly in
the final days of lactation, there are lobules that exhibit
diminished secretory activity and may be targeted for
involution (Molenaar et al., 1992, 1995; Capuco and
Akers, 1999; Boutinaud et al., 2004). In contrast to
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mice, reinitiating milking of cows 12 d after its termi-
nation led to nearly complete recovery of milk yield
(Hamann and Reichmuth, 1990).

An important modulator of involution is the pregnan-
cy status of the dam (Capuco and Akers, 1999; Capuco
et al., 2002). To assess changes in the bovine mammary
gland during the dry period, it is important to control
for the pregnancy status of the cow. We have used the
term regenerative involution (Capuco et al., 2003) to
describe the events that occur in the mammary glands
of a cow during the dry period (and likely other spe-
cies that are pregnant when milk stasis occurs), and to
distinguish this process from that elicited in mammary
glands of nonpregnant mammals subjected to forced
involution.

Population Dynamics During
Regenerative Involution

When pregnancy status of dairy cows was regulated
in keeping with typical management, an effect of preg-
nancy on mammary involution, MEC proliferation, and
cell turnover was evident (Capuco et al., 1997). The
involution stimulus provided by milk stasis was clearly
constrained by the mammogenic and lactogenic effects
of pregnancy. As described earlier, the mammary gland
gradually regresses during lactation so that at dry-off
the number of MEC is approximately 50% of the num-
ber present during early lactation. Proliferation of MEC
during the dry period is therefore necessary to restore
the full complement of MEC before the next lactation,
but the process extends beyond restoration of MEC
number. We compared aspects of mammary growth in
multiparous cows during a conventional 60-d dry pe-
riod with that in cows that were milked throughout
the prepartum period (Figure 2). Total mammary DNA
provided no evidence for net cellular regression, and
total MEC increased equally in both groups as calving
approached. Of significant interest was our finding that
DNA synthesis was approximately 80% greater in dry
cows than in lactating cows, which led to the conclusion
that this increased DNA synthesis in dry cows was for
replacement of existing MEC rather than accretion of
additional cells. Additionally, more than 90% of the
proliferating cells were MEC. We hypothesized that this
increased cell turnover and renewal during regenerative
involution provided for replacement of senescent cells
before the next lactation (Capuco et al., 1997; Capuco
and Akers, 1999).

Even in the absence of extensive cell loss, consider-
able tissue remodeling occurs during regenerative invo-
lution. Within the epithelial compartment, apoptosis
occurs after milk stasis (Quarrie et al., 1996; Wilde
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et al., 1997), along with increased cell proliferation
(Capuco et al., 2006), consistent with increased cell
turnover of MEC. But changes also occur in synthesis
of the connective tissue matrix and composition of its
cellular components (Holst et al., 1987; Capuco et al.,
1997; De Vries et al., 2010).

Transcriptome Changes During
Regenerative Involution

To obtain additional insight into events occurring
during regenerative involution, we performed transcrip-
tome profiling on mammary tissues obtained from 16
euthanized multiparous Holstein cows before and after
cessation of milking at 60 d before expected calving.
Tissues were from 4 cows before cessation of milking
at 60 d prepartum and from 3 cows 7, 25, 40, and 53
d after milking was terminated. Transcriptome profil-
ing employed use of a microarray previously described
(Li et al., 2006). At 7 d the transcriptome profile did
not differ from that of cows before cessation of milking
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(A. V. Capuco, unpublished data). This was likely due
to selection of sampling at d 7, the small number of
replicates, and because lactating cows were at the end
of lactation when milking was terminated. However,
significant changes in the transcriptome profile were
seen at the remaining time points.

The top 5 networks and canonical pathways involving
those genes whose expression was differentially altered
at 25, 40, and 53 d after dry-off are listed in Table 1,
and the number of genes that pertain to proliferation
or cell death are depicted in Figure 3. Several promi-
nent features were evident. First, the processes of cell
proliferation and apoptosis proceeded throughout the
period of regenerative involution. Second, mitochon-
drial stress, ER stress, the ubiquitination pathway, and
the unfolded protein response (UPR) were important
features. Third, involvement of an immune response
(also evident in additionally detected pathways and
networks) was evident. The heavy involvement of
proliferation and apoptosis is consistent with the high
rate of cell renewal during regenerative involution. The
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Figure 2. Mammary growth and DNA synthesis in cows that were dried off (solid bars) and those that were continuously milked (open
bars) during the prepartum period. Nonlactating cows had milking terminated 60 d before expected parturition, and lactating cows were milked
throughout the prepartum period. Days before expected parturition and days after cessation of milking are indicated on the x-axis. (A) Total
DNA content of the udder. (B) In vitro incorporation of *H-thymidine (*H-Tdr) by mammary tissue. cpm = counts per minute. Data are pre-
sented as mean + SE. (Adapted from Capuco et al., 1997.)
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UPR is prominent in the transcriptome of lactating
mammals and has been hypothesized to be necessary
to permit the accumulation of copious amounts of milk
proteins within the secretory cell (Lemay et al., 2007).
Recently, UPR and ER stress response have been seen
as essential features for survival of MEC and for pre-
venting irreversible involution (Warri et al., 2018), and
therefore may promote cell renewal rather than massive
cellular death. The ER stress response is largely or-
chestrated by XBP1 and provides for the detection and
management of misfolded proteins in the ER lumen.
This prominent response pathway during regenerative
involution is depicted in Figure 4.

Because we hypothesized that regenerative involution
is important for replacement of senescent cells (perhaps
most importantly mammary progenitor cells), we exam-
ined our transcriptome data for preliminary evidence in
support of that hypothesis. Although selective examina-
tion of data can be problematic, we discovered that the
abundance of transcripts for inosine-5-monophosphate
dehydrogenase 2 (IMPDH2), the rate-limiting enzyme
in the de novo synthesis of guanine nucleotides, was in-
creased during regenerative involution. Activity of this
enzyme has been implicated in the regulation of MaSC
expansion (Paré and Sherley, 2006; Capuco et al., 2009),
a topic that we will address in a subsequent section.
This increase may foster expansion of the MaSC, mam-
mary growth, and the replacement of senescent cells.
Increased transcript abundance for AURKA, P2R14,
TEP1, AURKAIP, ITGB1/CD29, and FNDCB are also
consistent with this concept.

CELL TURNOVER, CELL DAMAGE,
AND CELL SENESCENCE

Cell turnover or cellular renewal is essential for main-
tenance of a tissue or organ. Some tissues are charac-
terized by very high rates of cellular replacement, as
evidenced by hematopoietic tissue and epithelium of
the digestive tract, whereas others, such as the mam-
mary gland, display more modest rates of cell turnover.
Furthermore, MEC turnover in the mammary gland is
adaptive to the cyclical nature of mammary gland func-
tion. Rates of apoptosis and proliferation are modest
during a bovine lactation but considerably greater dur-
ing regenerative involution. In both instances, we sug-
gest that cell turnover provides for replacing senescent
or damaged cells and enhances mammary productivity.
During a bovine lactation, modest rates of cell turnover
may provide for maintenance of secretory activity, so
that the decline in milk yield during lactation is due to
declining cell number rather than declining secretory
activity. During regenerative involution, cell prolif-
eration and apoptosis increase, and mammary growth
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Table 1. Top 10 canonical pathways regulated during regenerative mammary involution in Holstein cows
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Figure 3. Transcript abundance for genes pertaining to cell death and proliferation that are upregulated in the mammary gland during the
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were obtained 7, 25, 40, and 53 d after dry-off. Because no differences were noted in the transcript profile at 7 d dry compared with late lacta-

tion, expression at 7 d dry (—53 d prepartum) is not depicted.

occurs with considerable turnover of the MEC. There
is considerable interest in management protocols that
may be used to accelerate involution (Zhao et al., 2019),
enhance mammary proliferation (Wall et al., 2005;
Crawford et al., 2015; Bentley et al., 2015), and reduce
the epigenetic effects of heat stress through appropriate
cooling measures (Tao et al., 2019) during this critical
phase of cell turnover and mammary growth.

What diminished functions may be restored by cell
turnover during lactation and regenerative involution?
Cellular senescence relates to the accumulation of cell
damage that leads to decreased resistance to stress and
loss of replicative function (e.g., the Hayflick limit).
To maintain functionality, it is necessary to replace
damaged secretory cells and cells with diminished pro-
liferative capacity. We hypothesize that the cells that
are replaced during lactation are primarily the former,
whereas the cells that are replaced during regenera-
tive involution fall into both categories. With regard
to diminished proliferative function, we suggest that a
dry period is important for replacement of progenitor
cells, as these cells provide for mammary proliferation
but have a limited life span. Decreased milk yield and
persistency of lactation in cows not permitted a dry
period is consistent with this concept (Montovani et
al., 2010).

Although organs may contain polyploid or aneuploid
cells, essentially the genome is consistent throughout
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the body. Epigenetic regulation accounts for cellular
differentiation and, combined with transcriptional and
additional post-transcriptional mechanisms, alters
gene expression and cellular activity. One might say
that epigenetic tags document the lifetime experiences
of a cell. Cell turnover in the mammary gland during
regenerative involution allows for cleaning the slate—
that is, replacing an existing population of cells with
cells that have not been affected by past events, such
as mastitis (Singh et al., 2012) and oxidative stress
(Hadsell et al., 2006), that may depress cell function,
and replacing progenitor cells with diminished repro-
ductive capacity. Cellular senescence may result from
the ability of various cellular stresses, such as mastitis
(Singh et al., 2012) to promote epigenetic tagging,
with a cumulative impact that may compromise cell
function. It remains to be determined whether stem
cells and progenitor cells are resistant, or differentially
resistant, to epigenetic effects of stress. A study of the
extent of DNA methylation versus chronological age of
a variety of tissues suggest that a DNA methylation
clock may be valuable in assessing senescence, as is the
telomeric clock (Horvath, 2013). The limited lifespan of
mammary progenitors versus MaSC may suggest that
progenitors are more prone to accumulation of epigen-
etic effects of environmental stressors than are MaSC.
If so, regeneration of mammary progenitors by MaSC
would be particularly important. Recent technological
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advances that facilitate transcriptome and chromatin
studies on individual cells make this line of inquiry
feasible. Regardless, it is clear that cell replacement
during regenerative involution plays a critical role in
maintaining mammary gland function.

MAMMARY STEM CELLS AND PROGENITOR
CELLS: IDENTIFICATION
AND CHARACTERIZATION OF MASC

Studies in mice, using cell transplantation techniques,
have demonstrated the existence of MaSC and progeni-
tor cells with more limited regeneration capacities, such
as ductal and lobule progenitors (Smith, 1996; Shackle-
ton et al., 2006). Initial attempts to characterize these
cells were based upon their undifferentiated nature (few
cytoplasmic organelles), which imparted light cytoplas-
mic staining by light or electron microscopy in a variety
of species, including bovine (Chepko and Smith, 1997;
Ellis and Capuco, 2002). Subsequent investigations have
employed additional methods for identifying, collecting,
interrogating, and characterizing these cells. Fluores-
cence-activated cell sorting was used to enrich for cell
populations and permit evaluation of their lineage po-
tency. Foremost were initial investigations (Stingl et al.,
2006; Shackleton et al., 2006) that employed markers to
deplete enzymatically dissociated cells of hematopoietic
(CD45 and TER119) and endothelial (CD31) cells and
employed markers for epithelial cells that expressed 3,
or agintegrin (CD29 or CD49f), to sort cells with a
basal location, and also employed heat-stable antigens
(CD24). Cells with greatest regeneration potential were
ESR1-negative and expressed CD24 at low levels. Ad-
ditional insights were gained through lineage-tracing
techniques that identified classes of MaSC that popu-
late the epithelium at different stages of development
(Van Keymeulen et al., 2011). We refer the reader to
other reviews for more detailed coverage of bovine
MaSC, progenitor cells, and mammary lineage (Capuco
and Ellis, 2013; Finot et al., 2019).

The method that we have employed to identify MaSC
in the bovine mammary gland was based on the ability
of MaSC to retain BrdU-labeled strands for an extend-
ed period due to differential sorting of DNA strands,
by which the parental strand is retained by the MaSC
during asymmetric division and the newly synthesized
strand is relegated to the more differentiated cell
(Smith, 2005; Capuco, 2007; Choudhary and Capuco,
2012). Using heifer calves, we administered BrdU and,
5 weeks later, detected label-retaining epithelial cells
(LRECQC) in the basal layer and in embedded layers of
the multilayered epithelium of the terminal duct unit.
These LREC included ESR1™ and ESR1" cells. Those
in a basal location were ERS1 and presumed to repre-
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sent MaSC, whereas those in embedded layers were a
mixed population of ESR1™ and ESR1" cells and were
hypothesized to be progenitors (Capuco, 2007).

Others have used flow cytometry to enrich for bo-
vine MaSC and progenitor lineages while permitting
assessment of developmental potential (Martignani
et al., 2009; Rauner and Barash, 2016; Finot et al.,
2019). Multiparameter cell sorting based on expression
of surface antigens permits enrichment of cell popula-
tions that remain viable and amenable to assessment
of their growth and differentiation potentials. Methods
to do so have involved assessment of in vitro develop-
ment of mammospheres or mammary spheroids, or the
assessment of development using in vivo transplanta-
tion (kidney capsule or cleared mammary fat pad) into
immunodeficient mice. These techniques are powerful,
but they require awareness of the possible effects of
antibodies used in sorting, the effect of evaluating cells
under the stress of transplantation and isolation from
the stem cell niche, and the ability of a foreign stromal
matrix to influence cell—cell interactions (Capuco and
Ellis, 2013).

To evaluate gene expression in putative bovine MaSC
and progenitors, we employed an alternative approach.
The LREC in mammary epithelium were excised from
tissue cryosections by in situ laser microdissection and
their transcriptomes profiled through microarray hy-
bridization (Choudhary et al., 2013). This approach
permitted interrogation of cells in a histological con-
text and without previously removing them from their
microenvironment. Gene expression profiles supported
the concept that LREC in a basal location represented
MaSC, whereas LREC embedded in the epithelium
represented progenitors of more committed lineage. As
discussed previously (Choudhary et al., 2013) and in
the following section, the molecular signatures of these
cells provided potential biomarkers (e.g., FNDC3B,
NR5A2, and ALDH3B1) and negative biomarkers (e.g.,
HSPB6, LAMCT1) for MaSC and progenitors.

MODULATING MAMMARY STEM CELL ACTIVITY

The activity of MaSC and progenitor cells is modu-
lated to meet the growth, development, and homeostatic
needs of the tissue. Several genetic pathways have been
implicated as endogenous regulators of MaSC. Of note,
knockout of p53 in mice leads to expansion of MaSC by
promotion of symmetric division (Cicalese et al., 2009).
Furthermore, the rate of cell renewal in human tissues
is indirectly proportional to p53 expression (Seim et
al., 2016).

Nontransgenic approaches to promote expansion of
adult stem cells have been identified by Sherley and
colleagues, who found guanine ribonucleotides to be
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likely regulators. Their in vitro studies with several cell
types demonstrated that p53 promotes asymmetric pro-
liferation of adult stem cells by suppressing expression
of inosine-5'-monophosphate dehydrogenase (IMPDH),
the rate-limiting enzyme in guanine ribonucleotide syn-
thesis (Rambhatla et al., 2005; Huh et al., 2011; Noh
et al., 2011). Furthermore, they demonstrated that this
pathway can be bypassed or promoted by exposing cells
to guanine nucleotide precursors, xanthosine or inosine,
thereby increasing the concentration of guanine ribo-
nucleotides in the cell and increasing stem cell number
by promoting symmetric division (Lee et al., 2003; Huh
et al., 2011).

We have utilized this approach and evaluated the ef-
fect of xanthosine or inosine treatment on bovine MaSC
kinetics, with the expectation that it would expand the
population of MaSC. Indeed, in vitro treatment of pri-
mary MEC with xanthosine promoted symmetrical di-
vision, increased the number of putative MaSC, and de-
creased the population doubling time (Choudhary and
Capuco, 2012). Furthermore, exposing the mammary
epithelium to xanthosine in vivo, by infusion through
the teat canal, resulted in an increase in the number of
MaSC and progenitor cells, as assessed by an increase
in the number of LREC and a proportional increase in
telomerase activity of the tissue (Capuco et al., 2009).
Subsequently, others were unable to demonstrate an ef-
fect of xanthosine on bovine mammary tissue fragments
implanted in cleared fat pads of immunodeficient mice
(Rauner and Barash, 2014). The discrepancy remains
unresolved but may reflect methodological issues. Still,
the overriding question is whether such treatments can
influence productivity of dairy animals.

Subsequent studies have evaluated the effect of xan-
thosine or inosine infusion on milk production. Infusion
of inosine into 1 gland of 3 transgenic goats on d 5 to
7 of lactation increased milk yield by 62% relative to
milk production in the control gland (Baldassarre et al.,
2011). Similarly, Choudhary and colleagues (Choudhary
et al., 2018) infused xanthosine into 1 gland of lactating
goats on d 5 to 7 and observed a small but significant
increase in milk yield, accompanied by increased ex-
pression of milk protein genes and potential stem and
progenitor cell markers (ALDH1 and NR5A2). In an
attempt to determine whether xanthosine infusion dur-
ing the prepubertal period would influence mammary
growth and future milk production, a half-udder design
was employed. Heifers were reared at 2 rates of gain,
0.6 kg/d and 1 kg/d. No effect of xanthosine treat-
ment on milk production was found in either group (A.
V. Capuco, unpublished data). A study to determine
whether infusion of inosine or xanthosine into the mam-
mary glands of lactating dairy cows will increase milk
production has yet to be performed.
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CONCLUSIONS

Changes in population dynamics of the mammary
epithelium occur during development and during the
lactation cycle. Management procedures that promote
cell proliferation and cell turnover, or inhibit cell death
at critical times, promote the efficiency of dairy pro-
duction. Although it remains to be determined whether
modulation of MaSC can be readily achieved, such
approaches offer the promise of improving milk produc-
tion efficiency in dairy animals by promoting mammary
development prepubertally, enhancing persistency of
lactation and the turnover of mammary epithelium
during the dry period, and promoting repair of tissue
damage resulting from mastitis. Increased understand-
ing of MaSC and the continued advances in tools
available for research, including imaging technologies,
lineage tracing methodology, molecular, genomic, and
bioinformatic tools, and drug delivery systems, provide
for a future of exciting advances in mammary gland
biology.
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