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ABSTRACT

What is old is new again—and with respect to the 
study of the mammary development and function in 
dairy animals, the expression resonates. Many of the 
mammary and milk production questions raised in the 
early years of the Journal of Dairy Science apply to-
day. To be sure, scientists have filled in many details 
regarding, for example, identification of hormones and 
growth factors important in the control of mammary 
growth, the onset of copious milk production at calv-
ing, and maintenance of lactation. Early years focused 
on identification and subsequent availability of classic 
mammogenic, lactogenic, and galactopoietic hormones 
(e.g., steroids, prolactin, and growth hormone). The 
advent of sensitive assays to measure concentrations 
of these hormones and, subsequently, myriad growth 
factors in blood, milk, and tissues, allowed creation of 
multiple hypotheses to explain mammary cell prolif-
eration and regulation of function. It is also apparent 
that we understand many of the fundamentals of milk 
removal, milking frequency, milking management, and 
milk ejection for successful lactation. However, some 
questions remain. Are the principles that were identi-
fied when cows produced markedly less milk still valid 
for the high-producing cows of today and the future? 
What mechanism(s) explain the positive effects of early 
increased milking frequency on subsequent milk pro-
duction? Can the persistency of lactation be improved 
(secretory cell number vs. secretory cell function) or 
does early management “program” future mammary 
development or productivity (epigenetics, immune re-
sponsiveness, other)? The explosion of tools and tech-
niques (Southern and Northern blots, PCR, and the 
“-omics” revolution) has driven an almost overwhelm-
ing evaluation of cellular and molecular functions in 
the mammary gland and other tissues. One key may 
be the discovery of a “Rosetta stone” that will allow 
understanding of this mass of detailed information on 

gene expression, cell signaling, and so on. Many sci-
entists can now better appreciate the difficulty of the 
dairy farmer seeking to process DHIA or Dairy Comp 
305 data, milking data, weights, feeding reports, pe-
dometer readings, or genomic evaluations to manage 
their operations.
Key words: lactation, mammary development, 
epigenetics, galactopoiesis

INTRODUCTION

Mammary development and mammary function—
could anything be more central to dairying? Indeed, 
without lactating animals to populate the herds of 
cows, goats, sheep, and other mammals, there is no 
dairy industry. The goal of this review is to describe 
what I believe are some of the mammary development 
research milestones that have occurred in the first 100 
years of the Journal of Dairy Science (JDS). However, 
it is important to appreciate that my focus is on scien-
tific advancements that have increased understanding 
of how the mammary gland develops and controlling 
factors. In addition to mammary growth, I will describe 
some of the key findings that increased our understand-
ing of the onset of lactation and ongoing milk synthesis 
and secretion. The successful dairy, of course, depends 
on more than the availability of the lactating animal; 
other authors for this celebratory special issue will 
cover aspects of nutrition, health, genetics, and physi-
ology. Finally, I have focused on highlighting papers 
published in JDS while understanding that many of 
the fundamental findings have clear parallels with 
scientists focused in more directly basic studies: cell 
biology, development biology, physiology, and, recently, 
the “-omics” revolution. It is also evident that dairy-
interested mammary biologists and dairy scientists 
routinely publish in a variety of endocrine, physiology, 
biochemistry, reproduction, and nutrition focused sci-
entific journals. Consequently, many important dairy-
related findings appear in those journals. Therefore, 
this review is not broadly comprehensive but rather 
seeks to highlight those contributions published in 
JDS. Regardless, the JDS papers that I have referenced 
will lead interested readers to other primary materials 
(listed in the timeline given in Appendix Table A1).
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What becomes clear is that many of the fundamental 
questions regarding mammary development and lacta-
tion have changed little over time (Petersen, 1942). As 
examples, consider these questions:

•	 What explains the shape of the typical lactation 
curve?

•	 Is persistency of milk production set?
•	 Does the number of secretory cells in the udder 

or the functional capacity of alveolar cells explain 
the level of milk production?

•	 Which is more important in explaining milk pro-
duction differences—genetics or management (i.e., 
nature vs. nurture)?

•	 Are the key regulators in the “modern” high-pro-
ducing dairy cow the same as described in “older” 
less-productive dairy cows?

•	 Which is more important in control of mammary 
growth and milk synthesis—local regulators or 
systemic agents?

•	 How does milking frequency affect mammary 
function and milk production?

•	 Why does the dry period matter and how long 
does it need to be?

Complete answers to these and other relevant dairy 
questions remain elusive and evolving. However, the 
continuing advancement of scientific tools, devices, 
and techniques provides opportunities to improve our 
understanding of dairy cows and other dairy animals. 
These efforts are critical if milk and other dairy prod-
ucts are to remain as key nutrients to feed the human 
population of the next century. I should also add that 
the technology sequence that took us from the transis-
tor to the personal computer to the internet and to 
social media is also having major impacts on science, 
government, and dairying. In the absence of social me-
dia and consumerism in developed countries, would the 
use of effective, scientifically validated bST be an issue? 
Would the emphasis on animal care and animal rights, 
organic versus traditional production, green production 
methods, confusion over what constitutes milk, or the 
hyperbole over genetically modified foods or transgenic 
animals be the same?

Over many years, a variety of reviews published in 
JDS, often in conjunction with symposium presenta-
tions held at the annual meetings of ADSA, have served 
as important resources. Leading scientists in lactation 
biology and dairy science completed many of these 
reviews. Of course, many excellent reviews have been 
published in other journals but the focus of this contri-
bution is on JDS. It also becomes evident upon review 
of the first 100 years of JDS that students and col-
leagues from a relatively small number of laboratories 

and institutions have been responsible for the majority 
of mammary-focused papers published in JDS. At a 
minimum, future students should consider these reviews 
to find relevant research and historical references.

HOW TO MEASURE MAMMARY DEVELOPMENT? 
THE DEVIL IS IN THE DETAILS

On the surface, it seems an easy matter to determine 
mammary growth: simply measure the mass of the ud-
der and mass of dissected tissue components (fat pad, 
parenchyma, skin, and teats). Of course, sacrifice of the 
animals makes collection of these measurements very 
expensive, and time-sequence data are still limited, 
particularly for information related to modern, high-
yielding dairy cows. In addition, these simple measures 
do little to characterize the number or types of specific 
cells that compose the mammary tissue. Tissues of the 
developing mammary gland include the mammary pa-
renchyma (PAR; the epithelial structures, the ducts 
and alveoli), stromal tissue (the connective tissue ele-
ments surrounding the developing epithelial structures, 
vascular and lymphatic network), the mammary fat 
pad (MFP), and the skin, lymph nodes, and teats. The 
PAR is the portion of the mammary tissue that gives 
rise to the mammary alveoli and associated ducts that 
lead to the teat or nipple in the mammary gland of the 
lactating cow. Because the PAR includes the lobules of 
alveoli that synthesize and secrete milk, this portion 
of the mammary tissue has received the most atten-
tion of mammary biologists. However, it is evident that 
the supportive stromal tissues surrounding the PAR 
are essential for normal development of the PAR and 
for maintenance of lactation in the fully formed mam-
mary gland. Reviews describing secretory responses of 
mammary epithelial cells cultured on various extra-
cellular matrix materials illustrate the importance of 
stromal tissue elements on cell differentiation and milk 
component biosynthesis and secretion (Pitelka and 
Hamamoto, 1977; Aggeler et al., 1988). A recent report 
(Stiening et al., 2008) details effects of extracellular 
matrix, mechanical stimulation (release of gels for cells 
cultured on collagen gels), and lactogenic hormones 
on secretory cell differentiation and gene expression in 
cultured bovine mammary organoids.

As outlined by Reece (1956), it was known that the 
amounts of secretory tissue varied in udders of cows, 
and the common sense conclusion was that udders of 
beef cows contained less secretory tissue than udders 
of dairy cows. Thus, the logical assumption was that 
higher-producing dairy cows would have udders that 
contain more secretory tissue than their lower-pro-
ducing herdmates. But how do you quantify secretory 
tissue, the number of secretory cells, and supporting 
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cells in the udder? Related to this, dairy physiologists 
began to consider how to evaluate mammary growth in 
calves and heifers and possible relationships between 
development at these early stages of development and 
future productivity. Several early studies (Swett, 1927, 
1947; Swett and Matthews, 1934) sought relationships 
between udder or mammary anatomy and milk produc-
tion capacity. Indeed, this fundamental question contin-
ues today (Soberon et al., 2012; Geiger et al., 2016a,b; 
Gelsinger et al., 2016). The reasonable conclusion is 
that nutrition and management both before and after 
weaning can influence mammary development, health, 
immune competency, physiology, and gene activity to 
modify future productivity (Kahn et al., 2011). Scien-
tifically, the fascination comes from discovering possible 
mechanisms and devising useful tools and techniques to 
alter development and future function to make animals 
that are healthier and more profitable and consumers 
who are more satisfied.

The Mammary Gland by C. W. Turner (1952) de-
scribes and illustrates many of these early studies, many 
of which were conducted by Dr. Turner, his students, 
and collaborators at the University of Missouri. Indeed, 
most dairy mammary biologists in the United States 
between ~1940 and the 1990s can trace their academic 
lineage to Dr. Turner.

Many early basic studies on mammary development 
utilized rodents because the relatively thin, flat mam-
mary glands of mice or rats are easy to spread onto 
glass slides and they can be fixed, defatted, and stained 
to reveal the entire developing ductal structure (Mac-
donald and Reece, 1960). Measurement of the number, 
degree of branching, and appearance of alveolar buds, 
for example, give a quantitative assessment of mam-
mary development. Figure 1 illustrates examples of 
processed murine glands and demonstrates the read-
ily apparent changes in prepubertal ductal develop-
ment. Figure 1A shows elongating mammary ducts 
and the distal bulbous end buds (arrows), and Figure 
1B shows the development in a mouse after puberty. 
Thin, minimally branched ducts fill the MFP but the 
end buds have disappeared. Figure 1C illustrates the 
very compact, dense PAR development (no end buds 
and lack of filled fat pad) in the prepubertal ruminant. 
This example is a sagittal section through the entire 
mammary gland of a prepubertal lamb. The PAR tissue 
is concentrated in the area adjacent to the teat with 
most of the MFP being free of epithelium. Figure 1D 
(lower magnification) and Figure 1E show mammary 
ductal development in a prepubertal heifer. Many stud-
ies have evaluated the effects of stage of development, 
hormone ablation and replacement, and treatment with 
exogenous agents on mammary development. Certainly, 
the size and anatomy of the ruminant udder and mam-

mary glands make a mouse-like evaluation impossible. 
It is also evident that cows and other dairy animals are 
not rodents. This statement is not flippant but rather 
serves to emphasize that substantial differences exist 
in the patterns of tissue development, physiological 
properties, and metabolism between rodents and ru-
minants. This concern is not new—consider the words 
of McCandlish (1918): “No attention will be given here 
to experimentation with the human subject, the goat, 
or mammalia other than the cow, for the simple rea-
son that through much valuable work has been done 
with these subjects the results need not necessarily be 
directly applicable to the cow as there may be certain 
generic differences in physiological activity, and it is 
not that in some cases, e.g., with the human subject, 
variations in milk production can be brought about 
much more readily than in the case of the cow.” Figure 
2 provides an overview of bovine mammary develop-
ment from puberty into pregnancy and into lactation.

Indeed, subtle differences exist even between dairy 
ruminant species (Ellis et al., 1998; Rowson et al., 2012; 
Capuco and Ellis, 2013). The same can be said of the 
many rodent-based studies aimed at better understand-
ing breast cancer. This does not diminish the many 
important molecular, endocrine, and cellular findings 
derived from rodent models, but is a reminder that 
caution is necessary with uncritical extrapolation be-
tween species (Berryhill et al., 2016). Regardless, the 
review by Sheffield (1988) provides an interesting twist 
on these rodent techniques to evaluate the growth of 
bovine mammary tissues transplanted into the cleared 
(i.e., native epithelium removed) MFP of athymic nude 
mice. As recent examples, xenografts with bovine mam-
mary cells are used to explore populations of mammary 
stem cells (Rauner and Barash, 2016) and responses of 
genetically engineered cells capable of secreting human 
milk proteins (Martignani et al., 2010).

As described by Akers (1985) and Tucker (2000), now 
classic studies with triply operated rodents (hypophy-
sectomized, adrenalectomized, ovariectomized) and se-
rial replacement of hormones (or hormone-containing 
tissue fractions) established the key roles of estrogen 
and growth hormone in mammary ductal development, 
progesterone and estrogen in lobulo-alveolar forma-
tion, and prolactin in lactogenesis. With the exception 
of the ovariectomy, the difficulties of surgery and the 
maintenance of animals for subsequent experimenta-
tion limited the use of extensive hormone ablation 
or replacement techniques in larger dairy ruminants. 
Regardless, numerous early studies published in JDS 
reported effects of various endocrine manipulations 
on mammary development and function. Indeed, a 
paper in one of the earliest issues of the journal (Hill, 
1919) includes a discussion of factors responsible for 
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Figure 1. The appearance of mammary glands or mammary tissue at several stages of development. Panels A and B are whole mounts of 
mammary glands from mice. (A) Mammary growth in a prepubertal mouse at approximately 2 wk of age; the mammary ducts can be seen 
branching from the rudimentary tissue near teat (to the left). The arrows indicate the bulbous end buds present at the distal ends of the ducts 
as they progressively grow through the mammary fat pad. (B) Mammary gland of a postpubertal mouse at approximately 4 wk of age. The 
mammary ducts have spread throughout the mammary fat pad, and the end buds have disappeared. (C) Midsagittal section through the mam-
mary gland of a prepubertal ewe lamb. Note the very dense development of the parenchymal tissue (PAR) in the region adjacent to the teat 
and gland cistern. (D) Histology of the mammary tissue from a 2-mo-old prepubertal calf. Epithelial structures are located in multiple clusters 
around larger ducts. (E) Cellular detail surrounding a developing epithelial cluster. Color version available online.
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Figure 2. Overview of bovine mammary growth and development. Changes in female mammary development from the young calf to gesta-
tion and lactation are illustrated. The left column describes major development landmarks and events; the center column shows changes in 
histological appearance of the mammary parenchymal tissue; and the right column lists some of the regulators that are important during each of 
these developmental stages. (A) Rudimentary parenchyma from a very young calf. (B) Mammary parenchyma from a well-fed prepubertal calf 
at weaning. (C) View of a developing ductal structure from a prepubertal calf that was injected with 5-bromo-2-deoxyuridine (BrdU) 24 h before 
the tissue was collected. The dark spots appear in cell nuclei that have incorporated BrdU (a measure of proliferation). (D) Developing alveoli 
from the mammary gland of a pregnant heifer (~170 d of gestation). (E) Low-power view of cross-sectioned alveoli from a cow in established 
lactation. The gland was thoroughly milked before tissue collection. (F) High-resolution view of alveolar tissue ~2 wk before calving; note the 
minimal cellular differentiation. (G) High-resolution image of alveolar tissue ~2 wk after calving; note the dramatic polarization of the cells, 
rounded nuclei, abundant secretory vesicles, and lipid droplets. GH = growth hormone, Prl = prolactin, EGF = epidermal growth factor, FGF 
= fibroblast growth factor, GF = growth factor, P4 = progesterone. Color version available online.
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mammary development and milk secretion, as well 
as photographs of a 4-mo-old doe kid producing milk 
while suckling its dam. This old example emphasizes 
the variation in mammary development and lactation 
even among well-studied dairy animals. Akers (2006) 
described experiments demonstrating milk component 
biosynthesis in mammary tissue explants from bulls 
stimulated by addition of prolactin and effects of ge-
netic selection for increased milk production on these 
responses. There are also reports of normal lactation in 
males of some species (Francis et al., 1994), including 
goats (Asdell et al., 1936; Nair et al., 1981). It remains 
relevant to point out that details about mammary de-
velopment and lactation are available for only a small 
number of the mammals known to biologists. Moreover, 
as the examples above demonstrate, there continue to 
be surprises even among well-studied dairy animals.

Experimental examples of endocrine effects on 
mammary development include Bergman and Turner 
(1940), Lewis and Turner (1941, 1942), Schultze and 
Turner (1933), and Sykes and Wrenn (1950, 1951). 
Several British studies utilizing dairy goats served to 
extend ablation/replacement findings from rodents to 
dairy animals (Cowie et al., 1952, 1964, 1966). Cowie 
and Tindal (1961) demonstrated that milk production 
impaired by hypophysectomy in lactating goats could 
be restored with appropriate hormone replacement 
therapy. An extensive and comprehensive monograph 
(Cowie et al., 1980) provides an excellent overview of 
the endocrine control of mammary development and 
function before 1980.

Noninvasive methods to measure mammary de-
velopment are highly desirable. Some approaches in-
clude palpation, as described above, as well as use of 
ultrasound, X-ray, and computed tomography (CT) 
scanning. Sørensen et al. (1987) demonstrated that 
CT scanning of whole udders effectively measured the 
content of fat-free PAR tissue from mammary glands 
of prepubertal heifers. Sejrsen et al. (1986) showed 
that CT scanning data mirrored increases in mammary 
PAR in heifers treated with bST, as noted after tissue 
dissection. Despite the accuracy of CT scanning, the 
availability, expense, and lack of ability to scan intact 
animals has limited the use of CT to evaluate mam-
mary development in farm animals. Esselburn et al. 
(2015) showed that ultrasound measurements could be 
used to measure changes in mammary PAR in young 
calves; at the time of slaughter, direct measures of PAR 
mass and ultrasound data were highly correlated.

As Tucker (1987) noted, “Before 1953, methods for 
quantifying mammary growth were either subjective or 
involved tedious histometric procedures.” Measurement 
of tissue DNA evolved as a fundamental tool to mea-

sure the total number of cells, with the finding that the 
amount of DNA per cell was essentially constant. When 
combined with other measures (e.g., histology) to esti-
mate proportions of cell types and structures (e.g., stro-
mal tissue cells, blood vessels, or leucocytes), accurate 
estimates of udder growth—particularly growth of the 
PAR—became possible. One of the first studies to use 
DNA content evaluated rat mammary glands (Kirkham 
and Turner, 1953). Williams and Turner (1961) were 
apparently the first to report DNA content as a mea-
sure of mammary growth in the bovine. Since then, 
total gland DNA with ancillary biochemical measures 
(protein, fat) and histology have become standards in 
estimating both normal and experimental mammary 
growth. Following a long line of studies evaluating the 
effects of ovarian steroids on mammary development, 
Sud et al. (1968) quantitatively evaluated mammary 
development in ovariectomized heifers to determine 
the amounts and ratios of estrogen and progesterone 
needed to produce mammary development that most 
closely mirrored that of pregnant heifers.

Direct measures of cell proliferation include incor-
poration of radiolabeled thymidine via direct count-
ing or autoradiography (Capuco et al., 1997, 2001) or 
bromodeoxyuridine (Capuco et al., 2001; Berry et al., 
2003; Silva et al., 2005). Alternatively, expression of 
transcription factors, such as Ki67, linked to cell cycle 
progression are frequently used to evaluate mammary 
cell proliferation (Capuco et al., 2001; Brown et al., 
2005). The study by Capuco et al. (2002) provided an 
elegant combination of cell labeling with 3-dimensional 
reconstruction of developing ductal structures in the 
bovine mammary gland.

As indicated above, there has been consistent interest 
in early mammary development and possible relation-
ships with future productivity. Studies have generally 
been concentrated in 3 areas: preweaning, weaning to 
puberty, and puberty to gestation. A now classic JDS 
paper (Sinha and Tucker, 1969) was important because 
it provided a quantitative assessment (DNA content) 
of bovine mammary parenchymal development from 
birth to puberty and during the estrous cycle. Perhaps 
more importantly, it defined differences in the rate of 
mammary growth relative to changes in general body 
growth. A key finding was that mammary growth 
shifted to an allometric rate of development well in 
advance of actual puberty. This and subsequent studies 
(reviewed by Tucker, 1987) indicated that mammary 
gland growth increased for the first few estrous cycles 
but returned to an isometric rate until breeding. As 
reviewed by Sejrsen and Purup (1997), several applied 
field studies in subsequent years showed that diets or 
feeding rates producing high rates of prepubertal gain 
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were linked to lower future milk production. Related 
studies (Sejrsen et al., 1982, 1983) showed that a high 
feeding rate impaired mammary development in heif-
ers and altered secretion of mammogenic hormones. A 
subsequent meta-analysis (Zanton and Heinrichs, 2005) 
confirmed the negative effects of high average daily 
gain on future milk production. Continuing studies 
(Meyer et al., 2006a,b) have provided further cellular 
and endocrine insights into this phenomenon. It seems 
likely that enhanced prepubertal feeding essentially 
truncates the period of allometric mammary growth 
and thus blunts overall mammary development. How-
ever, it remains unclear how relatively small differences 
in mammary mass (relative to growth during gestation) 
produce future effects on milk production or whether 
this is only a marker.

To add further complexity, as summarized by Kahn 
et al. (2011), enhanced feeding of calves before weaning 
correlates with increased future milk production. We 
(Geiger et al., 2016a,b) showed that enhanced feeding 
of calves increases mammary development compared 
with restricted feeding. Demonstration of divergent 
effects of feeding rate before and after weaning illus-
trates the malleable nature of mammary development 
and 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 demonstrated 
that early colostrum feeding has tremendous effects on 
subsequent development of the reproductive tract and 
ultimately the success of the animals. As reviewed by 
Bartol et al. (2013), these studies led to the lactocrine 
hypothesis—the concept that biologically active agents 
(e.g., growth factors, hormones, and bioactive peptides) 
in colostrum and milk act to program postnatal uterine 
development (Bartol et al., 2008). Given that mammary 
development (and that of the reproductive tract) also 
occurs primarily postnatally, it is not surprising that 
early colostrum and milk feeding likely influence future 
mammary development. These concepts are easier to 
explore in litter-bearing species (due to cost, similar-
ity of littermates, and so on). Regardless, such studies 
underscore the seemingly forgotten idea that mammary 
secretions evolved to provide not just nutrition to the 
suckling young but also protection and likely signaling 
molecules to promote growth and development. A recent 
report by Wilson et al. (2017) shows that preweaning 
restricted-fed calves have impaired endometrial gland 
development and alterations in growth factor–related 
signaling molecules compared with enhanced-fed calves, 
suggesting that level of nutrition, components in milk 
replacer, or both, affect reproductive tract development 
in calves.

HORMONES, GROWTH FACTORS,  
AND MAMMOGENESIS

Just as rodents were important in basic studies of 
mammary development, responses of rodents as bioas-
says were important in attempts to evaluate the expres-
sion of mammogenic hormones in cattle. For example, 
Nibler and Turner (1929) collected urine from pregnant 
cows and developed extracts for injection into rats to 
determine the relative secretion of ovarian hormones 
in cows (based on changes in cells appearing in vaginal 
smears). Other bioassays included the pigeon crop as-
say (growth and histological response of tissue of the 
crop sac to local injections of pituitary preparations 
and purified fractions) to evaluate prolactin-like activ-
ity, ovarian and uterine responses in rodents to assay 
for estrogen or progesterone-like activity, and growth 
responses in rodent tibia to assay for growth hormone 
activity.

Measuring Hormones and Growth Factors  
and Their Receptors

Although JDS was never a major destination for 
papers relating the development of radioimmunoas-
says (RIA) or other immunoassays, several reports 
have described use and validation of assays to mea-
sure concentrations of hormones and growth factors in 
bovine blood, milk, saliva, and tissues. As with many 
techniques and tools, development of assays sensitive 
enough to measure circulating concentrations of these 
agents had their origins in basic and medical research 
(see Tucker, 1981). Since the 1970s, RIA or related 
immunoassays have evolved to measure a plethora of 
hormones and growth factors known to be or suspected 
of being involved in regulation of mammary growth 
and mammary function. It is difficult to overstate the 
explosion of information and relationships between 
concentrations of these agents and physiological sta-
tus that arose from the use of these technologies. Two 
JDS reports described validation of an RIA to measure 
serum prolactin in cows after injection of oxytocin 
(Koprowski and Tucker, 1971) and to measure lutein-
izing hormone in the blood of heifers during an estrous 
cycle (Hansel and Snook, 1970). Malven and McMurtry 
(1974) subsequently reported procedures to measure 
prolactin in milk. Since that time, numerous papers 
have described changes in concentrations of mammary 
active hormones relative to puberty, the estrous cycle, 
gestation, and the periparturient period as well as re-
sponses to dietary treatments, stimulated mammary 
growth, milking, stage of lactation, and breed (Convey, 
1974; Erb, 1977; Tucker, 1981, 2000).
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Related procedures using radiolabeled hormones and 
competitive binding to monitor changes in expression 
of hormone receptors in mammary tissue have been 
published in JDS. Examples include glucocorticoid re-
ceptors in mammary tissue slices (Gorewit and Tucker, 
1976a,b), lactogenic pituitary hormones in mammary 
and liver cell membranes (Akers and Keys, 1984), and 
progesterone receptors in mammary tissue from preg-
nant ewes (Smith et al., 1987). As techniques evolved, 
Western blotting (essentially an extension of RIA and 
binding assays) allowed for detection and quantitation 
of mammary-relevant proteins separated on polyacryl-
amide gels and transferred to membranes. The tech-
nique used radiolabeled agents; that is, ligand binding 
with IGF-I to detect various IGF-I–binding proteins 
(Cohick, 1998; Weber et al., 2000) or antibodies to 
detect and measure intracellular signaling molecules 
(Murney et al., 2015c).

As described by Tucker (1981, 2000), the develop-
ment of new tools, the isolation and identification of 
mammary active steroid and protein hormones, and 
ultimately the production and availability of these 
hormones and later growth factors (IGF-I and epider-
mal growth factor, EGF) stimulated rapid expansion 
of our understanding of endocrine and growth factor 
stimulation of mammary development. Several JDS re-
views illustrate many of these relationships. Examples 
include circulating hormones and physiological state 
(Convey, 1974; Erb, 1977), mammary tissue and cell 
culture responses (Heald, 1974; Pitelka and Hamamoto, 
1977; Houdebine et al., 1985), and actions of hormones 
and growth factors (Akers, 1985, 2006; Berryhill et al., 
2016). Other scientists have reminded us of how little 
we understand or appreciate mammary and lactation 
variations among mammals and how insights might 
allow for solutions to dairy-specific issues. These ex-
amples include local versus systemic control of mam-
mary development and function as illustrated by the 
wallaby and seals (Brennan et al., 2007), evolutionary 
and comparative aspects of lactation (Blackburn, 1993; 
Oftedal, 1993), and endocrine and growth factor species 
variation (Forsyth, 1986, 1996). Others have described 
new frontiers for the mammary gland (Bremel et al., 
2001; Hadsell et al., 2002), including the mammary 
gland as bioreactor, and transgenic animals (Karatzas 
and Turner, 1997; Donovan et al., 2001).

Somatotropin, Growth Hormone, and bST

Interest in the effects of growth hormone (GH) on 
mammary development (mammogenesis) and milk 
production (galactopoiesis) can hardly be overstated. 
A simple search using “bST”, “somatotropin”, or “GH” 
as key words in the title or abstract yielded 328 full 

articles in JDS as of February 2017. Certainly, a great 
deal of the interest in GH in the last 30 yr or so derives 
from the availability of bST from recombinant DNA 
technology and the exhaustively studied positive effects 
of exogenous bST on milk production and mobilization 
of nutrients to support increased milk production in 
cows, goats, sheep, and camels. Comprehensive JDS 
reviews (Bauman and Currie, 1980; Peel and Bauman, 
1987; Bauman, 1992) and studies (Bauman et al., 1985, 
1999) illustrate my belief that bST remains the most 
highly tested and studied recombinant DNA–derived 
product ever produced for use in dairy ruminants. 
Given the market and consumer forces that limit use of 
bST in the United States and Western Europe, despite 
rigorous safety assurances and Food and Drug Admin-
istration approval in 1994, it remains to be seen how 
attitudes of companies toward development of products 
to increase growth or lactation responses will fare in 
the future. As I noted (Akers, 2006), reasons for the 
debate surrounding the approval and subsequent use 
of bST in dairy cows were varied. It is possible to 
stimulate native GH secretion and associated increases 
in milk production but this involves use of exogenous 
treatment with GH-releasing factor (Dahl et al., 1991, 
1993). It is interesting to realize that one of the earli-
est large-scale demonstrations on the effectiveness of 
GH (pituitary fractions in this case) to increase milk 
production in cows was by Russian researchers Asimov 
and Krouze (1936) and was published in JDS. In the 
context of today’s political atmosphere, this seems oth-
erworldly. Indeed, current societal conditions indicate 
a widespread lack of confidence, belief, or reliance on 
science and scientific principles by the public (Nichols, 
2017; Strauss, 2017; Weiss, 2017), which does not bode 
well for the capacity of our citizens and citizen-leaders 
to make logical, well-reasoned decisions. This is regard-
less of whether the issues are mammary development 
and use of recombinant proteins, genetically modified 
plants and animals, or occurrence and causes of climate 
change.

Gene Expression and Signaling Cascades

The convergence of biotechnology, gene splicing, 
PCR, monoclonal antibody production, and other re-
lated technologies beginning in the 1980s ushered in 
many new opportunities and tools to study relationships 
between hormones and growth factors and mammary 
growth and function. McCarty and McCarty (1975) 
were among the first researchers in JDS to discuss pos-
sible links among binding of hormones to their receptors 
on (or in) mammary cells, phosphorylation events, and 
synthesis of RNA. Gorski (1979) subsequently provided 
one of the first JDS reviews to discuss the significance 
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of interactions between circulating concentrations of 
mammary active hormones, receptors, and intracellu-
lar signaling cascades relative to the mammary gland. 
Specific to induction of gene expression, initial studies 
largely depended on Northern assays. This technique 
required the generation of specific radiolabeled (gener-
ally 32P) nucleic acid probes that were complementary 
to the mRNA of interest. For this analysis, mRNA 
was isolated from cells or tissues, separated on gels, 
transferred to membranes, incubated with the probe, 
washed, and exposed to X-ray film to detect the mRNA 
of interest. This effective but laborious method allowed 
the study of effects of hormone stimulation, dietary 
treatments, and other factors on induction of gene 
expression. One of the earliest JDS reports described 
increases in casein mRNA using a dot blot assay (es-
sentially the Northern assay without separation of 
RNA on a gel). Choi et al. (1988) showed that bovine 
mammary cells incubated with prolactin had increased 
expression of casein mRNAs, and greater expression of 
casein mRNAs was observed in mammary tissue from 
lactating compared with 8-mo-pregnant cows. Glimm 
et al. (1992) reported decreased expression of IGF-I 
receptor mRNA in mammary tissue of lactating cows 
treated with bST, and Weber et al. (2000) reported 
effects of feeding level and bST on expression of IGF-I 
and IGF-binding proteins in mammary tissue of prepu-
bertal heifers. Schanbacher et al. (1993) and Koff and 
Plaut (1995) noted changes in mammary expression 
of lactoferrin mRNA and transforming growth factor 
mRNA, respectively, during the lactation cycle.

The subsequent development of quantitative real-
time PCR, microarrays, and recently RNA sequencing 
has dramatically increased the both the frequency of 
gene expression measurements and the array of gene 
targets. A JDS keyword search for [gene expression 
+ mammary] within the title, abstract, or keywords 
yielded 152 papers. A similar PubMed search restricted 
to [gene expression, mammary, and bovine] provided 
257 hits. Examples of JDS papers related to control of 
mammary development include Connor et al. (2007), 
concerning mammary gene expression regulated by 
ovarian steroids, and Nørgaard et al. (2008), which 
tracked expression of genes involved in cell turnover 
in the dry period and into lactation. Broader evalua-
tions of mammary gene expression include Piantoni et 
al. (2012), with a study of the effects of diet on gene 
expression in the PAR and MFP of calves, and changes 
in the clock circadian regulator gene network in mam-
mary tissue during the transition to lactation (Wang et 
al., 2015). Stiening et al. (2008) provide an especially 
interesting and through evaluation of the impacts of 
lactogenic hormones and mechanical stimulation on 
gene expression of bovine mammary cells in culture.

Although the availability of tools for more robust and 
global evaluation of gene transcription has provided 
voluminous information and unexpected relationships 
between signaling and metabolic pathways and gene 
networks, we have learned that transcription of mRNA 
does not necessarily mean translation of the message 
and creation of the mature protein. Consequently, tools 
to detect and measure gene products remain an im-
portant and critical element to understand regulation 
of mammary development and function. Therefore, 
continued use of tools such as Western blotting (detec-
tion and quantitation) and functional assays, and mea-
surement of metabolites are critical to comprehensive 
understanding. As examples, Murney et al. (2015a,b,c) 
reported effects of unilateral milking frequency on cell 
proliferation, gene expression for milk proteins, changes 
in IGF-I-linked signaling molecules and prolactin recep-
tor, and STAT3 and STAT5 signaling pathways.

Discovery of tissue and cellular localization of sig-
naling molecules, receptors, and other mammary rel-
evant proteins have been an important part of learning 
about regulation of mammary development and func-
tion. Often, these reports have depended on various 
combinations of immunochemistry and immunohis-
tochemistry. Larson and Twarog (1961) illustrated 
the relevance of an immunological assay when they 
reported quantitation of β-lactoglobulin in solution 
via a simple immunoprecipitation method. The earli-
est JDS immunocytochemistry papers involved local-
ization of IGF-I receptors after treatment with bST 
(Glimm et al., 1992), effect of prolactin on induction 
of immunoglobulin receptors (Barrington et al., 1997), 
and localization of fibroblast growth factors during 
different development states (Plath et al., 1998). Such 
studies are important because they allow identification 
of proteins within specific populations of cells in mam-
mary tissue or, in some cases, within cellular organ-
elles. For example, the study by Malven and Keenan 
(1983) demonstrated the presence of immunoreactive 
prolactin within various subcellular fractions of bovine 
mammary cells. The study suggested that internaliza-
tion of prolactin after receptor binding is linked to its 
transport via secretory vesicles into milk. A subsequent 
study (Akers and Kaplan, 1989) showed that disrup-
tion of microtubules, known to arrest cellular secretion, 
also interfered with transfer of prolactin from blood 
into milk. As suggested earlier, increased availability of 
specific antibodies to recognize targets on bovine cells 
(i.e., flow cytometry and analysis of circulating immune 
cells) or within bovine tissues has been key to discovery 
of multiple pathways and molecules that influence the 
bovine mammary gland. As a recent example, consider 
the fascinating and still unfolding story of how the clas-
sic neurotransmitter serotonin and its large family of 
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receptors act to modulate milk secretion (Hernandez et 
al., 2008; Weaver and Hernandez, 2016).

Ellis et al. (2012) discussed the utility and promise 
of imaging and computer advances that increasingly 
allow quantitative evaluation of the expression of recep-
tors, transcription factors, and other important mam-
mary proteins in populations of defined mammary cells 
within the mammary gland. Safayi et al. (2012) report 
the quantitative expression of markers for myoepithe-
lial cells in mammary tissue from heifers during early 
development. Velayudhan et al. (2015) and Tucker et 
al. (2016) have reported not just the changes in the pro-
portion of heifer mammary epithelial cells expressing 
estrogen and progesterone receptors but also the differ-
ence in expression of the receptors based on quantita-
tive multispectral imaging using immunocytochemistry. 
This approach is essentially quantitative Western blot 
analysis applied to specific, identifiable populations 
of cells within the developing tissue. These examples 
simply confirm the importance of ongoing analytical 
and technical advances in our continued effort to un-
derstand mammary growth and function.

Cell and Tissue Culture

Incubations of bovine mammary tissues (slices or 
explants) or longer-term culture of isolated mammary 
acini or organoids (alveolar-like or duct-like isolated 
epithelial structures) and isolated epithelial cells (pri-
mary or immortalized) have a long history in the study 
of mammary cell proliferation, differentiation, and milk 
component biosynthesis. Kinsella (1968) authored an 
early JDS study demonstrating that mammary cells 
isolated from lactating cows could synthesis and secrete 
lipids based on incorporation of radiolabeled acetate 
into various lipid fractions. In a similar approach, 
Richmond and Hood (1973) showed incorporation of 
radiolabeled glucose into lactose by explants of mam-
mary tissue from a lactating cow. Heald and Saacke 
(1972), although using mammary tissue from lactating 
rats, used tissue incubations or infusion of radiolabeled 
leucine along with timed fixation and autoradiography 
of sectioned tissue to track synthesis and secretion of 
milk proteins. Specifically, they showed progressive 
peak appearance of labeled proteins in the endoplasmic 
reticulum (3–5 min), to the Golgi (15–20 min), and into 
the alveolar lumen (40–60 min). In addition to dem-
onstrating the utility of tissue culture, these examples 
illustrate the significance of availability of various ra-
diolabeled substrates for measures of milk component 
biosynthesis.

Following initial characterization of isolation meth-
ods and culture procedures (Ebner et al., 1961), Larson 

(1965, 1969) reviewed the status of regulation of milk 
protein biosynthesis and especially the utility of results 
obtained by various culture techniques. Subsequently, 
Larson (1972) showed the stimulatory effect of methio-
nine on milk protein synthesis, and Rao et al. (1975) 
demonstrated the effects of cell density on synthesis 
of lactose by bovine mammary cells. Progressing from 
cultures with rat mammary cells, Clark et al. (1978) 
reported studies that defined the limiting amino acids 
for milk protein synthesis by bovine mammary cells 
in culture. Park et al. (1979) subsequently described a 
method to isolate acini (alveoli) from lactating bovine 
mammary tissue and demonstrated specific synthesis of 
milk proteins.

Incubations of explants (Rivera, 1972) from pregnant 
animals or those treated with estrogen and proges-
terone were especially important in the delineation of 
minimal hormones needed to induce the secretory cell 
differentiation (structural and biochemical) necessary 
for milk synthesis and secretion. As reviewed by Heald 
(1974), rodent studies first characterized the effects of 
addition of insulin, hydrocortisone, and prolactin on the 
ultrastructure of mammary alveolar cells in mammary 
explants. Subsequent bovine studies characterized the 
dramatic differentiation of mammary cells just before 
and after parturition, as well as biochemical and struc-
tural responses of alveolar epithelial cells to addition 
of lactogenic hormones (Collier et al., 1977; Nickerson 
et al., 1978). Additional experiments have confirmed 
the importance of insulin and IGF-I in maintenance 
of mammary tissue, the importance of glucocorticoids 
in differentiation of alveolar secretory cells, and the 
importance of prolactin in induction of milk protein 
and lactose biosynthesis. For example, Goodman et al. 
(1983) demonstrated very clearly the dramatic posi-
tive effect of prolactin on induction of α-lactalbumin 
synthesis and secretion by bovine mammary explants 
as well as interplay between lactogenic hormones. That 
is, the presence of estrogen or hydrocortisone enhanced 
the inductive effect of prolactin, whereas progesterone 
had an inhibitory effect. These tissue responses closely 
mirrored the hormonal changes in mammogenic and 
lactogenic hormones around the time of parturition 
and correspondence with the onset of lactogenesis at 
calving. As noted earlier, explant cultures were also 
important tools in discovery of hormones and growth 
factors that stimulated proliferation of mammary cells.

CONTROL OF LACTOGENESIS  
AND GALACTOPOIESIS

As results from measurements of circulating con-
centrations of mammogenic and lactogenic hormones 
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became widely available in the late 1960s and 1970s, 
increasing attention was focused on hormonal regula-
tion of the onset of lactation and hormones involved 
in the maintenance of lactation. Along with accurate 
hormone data, tools to evaluate milk component bio-
synthesis (Bauman et al., 2006) helped renew focus on 
understanding the onset of lactation. For example, in-
corporation of radiolabeled precursors into specific milk 
components (lactose, milk proteins, lipids; Bauman et 
al., 1973; Mellenberger et al., 1973), enzyme assays 
(Baldwin, 1966, 1969; Baldwin and Cheng, 1969), di-
rect assays for milk components, and understanding of 
lactose synthesis (i.e., the significance of α-lactalbumin; 
Brew et al., 1968) prompted research efforts. In ad-
dition, application of higher resolution cytology and 
electron microscopy to characterize structural differen-
tiation associated with onset of natural (Heald, 1974) 
or induced lactation (Collier et al., 1976; Croom et 
al., 1976) and milk removal (Akers et al., 1977; Akers 
and Heald, 1978) allowed researchers to piece together 
actions of hormones regulating differentiation of the 
alveolar epithelium and lactogenesis.

Just as surgical ablation and endocrine replace-
ment helped identify key mammogenic and lactogenic 
hormones, selective pharmacology approaches allowed 
evaluations that were more specific. For example, the 
creation and availability of the dopamine agonist CB154 
(2-Br-α-ergocryptine) allowed selective inhibition of 
prolactin secretion. Treatment with CB154 reduced 
prolactin in cows and was associated with reduced milk 
production after calving. However, studies by Akers et 
al. (1981a,b) showed that inhibition of prolactin secre-
tion at calving impaired milk production in association 
with decreased biochemical and structural differentia-
tion of the alveolar epithelium. Furthermore, infusion 
of prolactin along with treatment with CB154 restored 
milk production and full differentiation of the alveo-
lar secretory cells. These data along with responses of 
mammary tissue and cells to prolactin confirmed the 
importance of prolactin for lactogenesis in cows. Inter-
estingly, most subsequent studies (unlike in many other 
mammals) showed that neither inhibition nor admin-
istration of exogenous prolactin following parturition 
appreciably altered milk production in cows. However, 
recent studies using newly developed agents suggest 
that prolactin is likely galactopoietic in multiple dairy 
ruminants (Lacasse et al., 2016).

Debate surrounding regulation of lactogenesis fo-
cused on 2 hypotheses: that milk synthesis was initiated 
(1) because of a release from inhibition (i.e., removal 
of progesterone) or (2) by positive stimulation via in-
creased secretion of cortisol and prolactin at the time 
of parturition. In other words, is lactogenesis pushed 

by positive agents or allowed to proceed by release 
from inhibition? The answer seems to be a bit of both. 
Certainly, changes in circulating concentrations of 
progesterone (i.e., dramatic decrease) within days and 
hours before parturition that coincide with increases 
in cortisol and prolactin just before and after parturi-
tion support this concept (Convey, 1974). Moreover, 
in mammary explants, prolactin-induced secretion of 
α-lactalbumin, synergism with added hydrocortisone, 
and antagonism of secretion with added progesterone 
support this idea (Goodman et al., 1983). Responses in-
volving α-lactalbumin are especially telling, given that 
secretion of lactose is the primary driver of milk volume 
once lactation is established. In pregnant heifers, serum 
concentrations of α-lactalbumin become detectable in 
the last trimester of gestation, with modest increases 
until just before calving when concentrations mark-
edly increase. This response pattern closely mirrors a 
2-stage onset of lactogenesis, with a modest increase 
(stage I) in milk component biosynthesis in the last 
month before calving followed by a marked increase 
(stage II) just before and after calving (McFadden et 
al., 1987). Measurements of mammary tissue activ-
ity (incorporation of radiolabeled precursors into milk 
components and increased expression of milk protein 
genes) and increased structural differentiation support 
this pattern of development. In addition to changes in 
circulating hormones, there are corresponding changes 
in the expression of glucocorticoid, prolactin, and pro-
gesterone receptors.

Specific to the role of progesterone in inhibition of 
onset of lactation, there is also the curious situation 
of simultaneous pregnancy and lactation in cows and 
the apparent lack of inhibition of high progesterone 
concentrations on milk synthesis. This seems to reflect 
differences in expression of progesterone receptors in 
mammary tissue of pregnant lactating cows compared 
with mammary tissue of nonlactating cows late in the 
dry period or in the mammary tissue of late pregnant 
heifers (Capuco et al., 1982). Schams et al. (2003) pro-
vided gene expression data for bovine mammary tissue 
expression of estrogen and progesterone receptors and 
an immunocytochemical survey for staining across de-
velopmental stages. However, to my knowledge, no one 
has evaluated either the proportion of mammary cells 
expressing the progesterone receptor or the degree of 
expression in positive cells using modern quantitative 
immunocytochemical techniques for tissues in these 2 
distinct conditions.

As described earlier, a wealth of information dem-
onstrates the galactopoietic responses to GH, as well 
as the metabolic adjustments that allow the nutrient 
mobilization to support increased milk production 
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(Hart et al., 1979; Bauman and Currie, 1980; Bauman 
et al., 1985). Evidence also shows that cows selected 
for increased milk production correspondingly exhibit 
increased secretion of GH (Barnes et al., 1985; Kazmer 
et al., 1986).

Induced Lactation

The desire to induce lactation in nonpregnant ani-
mals, even humans, is not new. Consider the comments 
by Becker and McGilliard (1930): “Literature relative 
to milk secretion by virgin and non-fecund females, and 
males of several species have been reviewed extensively 
by Hammond (4), Hill (5), Marshall (6), Movoisin (7) 
and Velich (8).” Two short volumes (Fulkerson, 1979, 
1981) provide summaries of work focused on the hor-
monal control of lactation across multiple species and, 
in particular, a comprehensive listing of induced lacta-
tion studies for multiple species. The first successful 
induction of lactation in a ruminant was in the goat 
(Frank and Rosenbloom, 1915) via injection of crude 
lipid extracts prepared from ovaries. The discovery and 
isolation of estrogen by Allen and Doisy (1923) led to 
production of synthetic estrogens and availability of 
these agents. Many of the early studies utilized long-
term injections of estrogens and later progestins. These 
longer-term treatments mimicked a timeframe similar 
to that of gestation length (Turner et al., 1956).

Two reports (Smith and Schanbacher, 1973, 1974) 
ushered in renewed interest in hormonal induction 
of lactation that created a flurry of research activity. 
Their initial efforts aimed to stimulate colostrum-like 
secretions and immunoglobulin production in nonlac-
tating cows. They observed that some of the steroid-
treated animals began to “bag up” after a week of 
treatment. With continued collection of samples, the 
composition became less colostrum-like and more milk-
like in appearance. This led to the development of a 
short-term protocol that successfully induced lacta-
tion in most treated cows. Subsequent modifications 
included treatment with glucocorticoids near the time 
of onset of milking, treatments to increase prolactin 
secretion during the “lactogenic” phase of induction, 
effects of season, response to exogenous bST, and so 
on in multiple dairy ruminants. Comparisons have also 
included induction of animals that failed to conceive 
as well as heifers before normal breeding age (Macrina 
et al., 2011, 2014). Induced lactation in young heifers 
provides a means to collect milk before a normal lacta-
tion for early testing of transgenic animals as possible 
mammary bioreactors (Ball et al., 2000; Kaiser et al., 
2017). Variations on this short-term induced lactation 
scheme continue to be explored.

Photoperiod Effects on Mammary Development  
and Milk Production

A report in Science by Peters et al. (1978), which 
demonstrated that supplemental lighting stimulated 
growth and increased milk production in dairy cows, 
stimulated many papers evaluating the effects of al-
tered photoperiods on mammary growth, secretion of 
mammary active hormones, and feeding behavior in 
dairy ruminants, followed by studies to discover the 
mechanisms involved in these responses. Subsequent 
reviews (Dahl et al., 2000; Collier et al., 2006) outlined 
the effects of photoperiod, its practical uses, and more 
broadly, the environmental effects on dairy cows.

Milking Interval, Milking Frequency,  
and Milk Ejection

Interest in the effects of milking on milk production, 
composition, and productivity has a long history in 
JDS. Ragsdale et al. (1924) was the first JDS report 
concerned with the effect of milking interval; that is, 
the effect of milk accumulation on milk secretion. Such 
studies confirmed the relevance of 12-h milking inter-
vals for twice-daily milking. A quote from a Hoard’s 
Dairyman article emphasizes ongoing discussion of 
increasing milk frequency from the usual twice-daily 
milking: “Practical dairymen (3) have also observed the 
advantages of frequent milking” (Riford, L. D., 1922, It 
pays to milk 3 times a day. LXIII, no. 19, 661). Interest 
in udder capacity and effects of milking interval and 
milk accumulation have evolved to consider effects of 
residual milk and internal pressure on the apparent rate 
of milk secretion (Tucker et al., 1961).

Milking frequency has been studied repeatedly (Pear-
son et al., 1979), and there is no doubt that increasing 
milking frequency from 2 to 3 or 4 times a day increases 
milk yields. However, economics and especially labor 
costs and availability of labor are key factors. In recent 
years, as herd sizes have increased, more frequent milk-
ing has also increased on many dairies. An especially 
interesting twist has evolved from experiments showing 
that increased milking or suckling in early lactation 
could produce carry-over effects such that the animals 
(or glands) that received extra milking continued to 
product more milk later in lactation when milking fre-
quency returned to “normal” (Bar-Peled, 1995). This 
highly cited paper stimulated many studies focused on 
trying to understand the mechanisms responsible for 
the continued increase in milk production when cows 
revert to a normal milking frequency after a period of 
increased milking frequency in early lactation (Hale et 
al., 2003; Wall et al., 2006; Wall and McFadden, 2010; 
Murney et al., 2015a).
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As reviewed (Petersen, 1942; Bruckmaier and Blum, 
1998), discovery of the principles behind the milk ejec-
tion reflex and factors involved in milking and suckling 
led to development of the modern milking machine. The 
first reported demonstration of the effect of oxytocin 
(i.e., a solution prepared from the posterior pituitary) 
on milk let-down was by Ott and Scott (1910). Bruck-
maier and colleagues have published extensively on 
the effects of milking procedures on release of oxytocin 
(Bruckmaier and Blum, 1998), proportions of cisternal 
versus alveolar milk, factors influencing milk ejection, 
effects of milk accumulation on transport of milk and 
serum components across the milk–blood barrier, and 
general effects on milk secretion. Many of these papers 
have appeared in the Journal of Dairy Research (e.g., 
Bruckmaier and Blum, 1996; Kaskous and Bruckmaier, 
2011) but recent JDS papers illustrate these ongoing 
efforts (Weiss et al., 2004; Waters et al., 2015; Besier 
et al., 2017). Indeed, Dr. Bruckmaier’s extensive bibli-
ography (i.e., 65 papers published in JDS since 2010) 
suggests that milk secretion research for dairy rumi-
nants is now largely a European affair. Specific to the 
United States, I think this reflects a lack of ongoing 
institutional research support for dairy research (direct 
research expenses, graduate student, and technical sup-
port) and minimal competitive federal grant funds to 
support lactation biology research in farm animals. In 
addition, even among the US land-grant universities, 
the traditional focus on farm animal research and the 
balance among tripartite missions (research, teaching, 
and extension) are increasingly disturbed. Trends sug-
gest that an emphasis on short-term trials to increase 
profitability, seeking patent possibilities, supporting lo-
cal new entrepreneurs, diverting faculty efforts toward 
human biomedical research, “big” science, and creating 
teams, centers, or destination areas will continue (Fri-
bourg, 2005). It is also evident that most basic dairy 
animal research funding depends on highly competi-
tive grants. This situation seems to minimize sustained 
efforts in broad topical areas in favor of efforts to 
make the latest grant proposal awash with the latest 
buzzwords or scientific fads. Pundits, not so tongue in 
cheek, frequently comment that American agriculture, 
including the dairy industry, is a victim of its own suc-
cess. It remains to be seen how much mammary biology 
research, slanted toward dairy animals, can continue in 
the future.

It is certainly true that concerns about support for 
animal agriculture research and training of future sci-
entists are not new. Consider the following quote from 
Thompson (1973), “Currently there is a clarion call 
from numerous federal sources for relevance in research. 
If we gear our research primarily to someone else’s 

need to solve immediate … problems or moneymaking 
schemes, our hopes of scholarly excellence … better 
faculty, better students, .. may never be filled.” More 
recently, Senger (2008) and Roberts et al. (2009) simi-
larly lament the relative lack of support for farm animal 
research and training for future animal and dairy scien-
tists in the United States. If the internationalization of 
JDS over the past decade is any indication, we can be 
grateful that the rest of the world apparently recognizes 
the ongoing relevance of dairy research in general and 
continued study of the development and function of the 
mammary gland specifically.

Mammary Stem Cells and the Bovine  
Mammary Gland

Clearly, the past decade or so has ushered in a wealth 
of information regarding the identification, character-
ization, isolation, and quantification of putative mam-
mary stem cells (MaSC). It should not be a surprise 
that progress has been much more extensive in rodent 
models than in cattle. Furthermore, the gold standard 
for identification of MaSC has been the demonstration 
that even a single isolated MaSC (Kordon and Smith, 
1998; Shackleton et al., 2006) can regenerate a complete 
mammary gland when transplanted into cleared (i.e., 
native epithelium removed) MFP in mice. Nonetheless, 
some progress has been made related to identification 
and counting of presumptive bovine MaSC and pro-
genitor cells. Very few MaSC-related papers appear in 
JDS but consideration of this topic is nonetheless very 
relevant.

For background, true MaSC can undergo 2 types 
of cell division. With symmetric division, 2 daughter 
stem cells are formed and the stem cell population ex-
pands. With asymmetric division, there is self-renewal 
of the stem cell and production of a progenitor cell. 
These “common” progenitor cells subsequently generate 
daughter cells that are the progenitors for the ductal 
and luminal epithelial cells and the myoepithelial cells. 
This scheme, as tailored to the bovine, has been previ-
ously described (Capuco et al., 2012).

Regardless of the experimental hurdles (Capuco and 
Ellis, 2005; Capuco et al., 2012), several studies have 
sought to identify stem and progenitor cells in the bovine 
mammary gland. Ellis and Capuco (2002) quantified 
proportions of lightly stained, intermediate, and darkly 
stained epithelial cells in growing bovine mammary 
glands. The population (~10% of the total) of lightly 
stained epithelial cells in tissue sections accounted for 
about 50% of the proliferating cells. The conclusion was 
that these “pale” cells included a mixture of stem cells 
and progenitor cells. Capuco (2007) subsequently de-
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scribed the identification and quantitation of putative 
bovine MaSC based on long-term labeling of DNA with 
5-bromo-2-deoxyuridine (BrdU); that is, the presence 
of label-retaining epithelial cells (LREC) coupled with 
the absence of estrogen receptor (ESR1) expression. 
The number of heavily labeled cells correlated with ex-
pected differences in cell proliferation in regions of the 
developing udder based as well as proportions of MaSC 
based on murine studies. Choudhary et al. (2013) used 
laser capture microdissection and gene expression to 
evaluate the transcriptomes of LREC positioned in the 
mammary epithelium compared with LREC embedded 
within the epithelium. They also compared LREC with 
nonlabeled control cells within the ductal epithelium. 
They reported 592 genes differentially expressed be-
tween basal LREC and basally located control cells as 
well as 110 genes differentially expressed genes between 
LREC embedded within the epithelium and control 
epithelial cells also embedded within epithelium. These 
data support the idea that basally located ESR1-
negative LREC are likely true bovine MaSC, whereas 
LREC positioned within the epithelial layer are more 
likely common progenitor cells. In companion studies, 
these researchers (Capuco et al., 2009) showed that 
intramammary infusions of xanthosine increased the 
population of presumptive MaSC or progenitor cells.

Others have used enzymatic digestion of mammary 
tissue and cell sorting with panels of antibodies to 
separate populations of epithelial cells to characterize 
MaSC and progenitor cells (Motyl et al., 2011; Rauner 
and Barash, 2012). In particular, researchers use ex-
pression of multiple members of the cluster of differen-
tiation (CD) proteins to segregate populations of epi-
thelial cells believed to represent authentic MaSC and 
various progenitor cells. These isolated cells are then 
tested in various cell cultures (e.g., formation of colo-
nies, development of mammospheres, growth response, 
or appearance of duct-like or alveolar-like structures) 
following transplantation into the cleared fat pads of 
immunocompromised nude mice. The appearance of 
specific phenotypes has allowed the putative identifica-
tions of ductal, alveolar, and myoepithelial progenitor 
cells and bovine MaSC (Rauner and Barash, 2016) as 
well as estimation of populations over the lactation 
cycle (Perruchot et al., 2016). Others 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 popula-
tions of putative bovine MaSC via counting of LREC. 
Others have estimated possible populations of bovine 
MaSC based on counting of cells expressing HNF4A 
in water buffalo (Choudhary et al., 2016) or Musashi-I 
in mammary tissue from sheep (Colitti and Farinacci, 

2009) across different stages of development. Specific to 
myoepithelial cells and presumptive myoepithelial pro-
genitor cells, Ellis and colleagues (Ballagh et al., 2008; 
Safayi et al., 2012; Tucker et al., 2016) have shown that 
smooth muscle actin or common acute lymphoblastic 
leukemia antigen are excellent cytoplasmic markers and 
transformation-related protein 63 an excellent nuclear 
marker for basally located myoepithelial cells and their 
progenitors.

Despite the experimental advances, responses of 
presumptive bovine MaSC or progenitors in culture 
or following transplantation into mice does not really 
reproduce the bovine mammary gland and its func-
tion. Certainly, these tools and approaches are valu-
able but healthy skepticism is warranted. The recent 
report (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 structurally and physiologically 
illustrates the significance of tissue environment in 
regulation of mammary morphogenesis and function. 
As dairy lactation physiologists, our focus is correctly 
on the developing glandular tissue but this finding is an 
important reminder that the local environment of the 
epithelium is also a critical player in mammary devel-
opment and function.

In summary, despite many years of study evaluating 
the effects of hormones and growth factors, diet and 
management, genetics, and other factors on regulation 
of ruminant peripubertal mammary development and 
associated expression of genes and proteins, we remain 
far from complete understanding. However, new and 
exciting imaging tools (Ellis et al., 2012) and the ca-
pacity to identify and study distinct cell populations 
within the growing mammary gland continue to pro-
vide opportunities and unexpected approaches to deci-
pher the keys that control mammary development and 
ultimately function.
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APPENDIX

Table A1. Timeline of important discoveries and developments in mammary development and lactation

Date Milestone Reference

1910s–1920s Mammary active hormones are discovered, including oxytocin, 
ovarian hormones, and anterior pituitary hormones.

Ott and Scott, 1910; Allen and 
Doisy, 1923; Stricker and Grueter, 
1928 (reviewed in Tucker, 2000)

1930s Evaluations of mammary growth and development are published. Swett and Matthews, 1934; Turner, 
1952 (review and summary)

1936 First large-scale report is published on the galactopoietic effect of 
growth hormone (pituitary extracts) in cows.

Asimov and Krouze, 1936 

1940s Study effects of milk frequency, milk removal, breeds, nutrition, 
thyroproteins, exogenous hormones, and milk ejection reflex are 
reported. 

Lewis and Turner, 1941; Peterson, 
1942

1953 DNA is first used to quantify mammary growth (in rat). Kirkham and Turner, 1953

1960s Cell and tissue culture techniques are developed for bovine. Ebner et al., 1961

1961 DNA is first used to quantify mammary growth in bovine. Williams and Turner, 1961a,b

1964 Restoration of milk production is demonstrated in 
hypophysectomized goat. 

Cowie et al., 1964

1969 Isometric versus allometric mammary growth (DNA) is described in 
peripubertal heifers.

Sinha and Tucker, 1969

1960s–1970s Radioisotopes are used to measure milk component biosynthesis 
and mammary tissue enzyme activity.

Baldwin, 1966; Larson, 1972; 
Mellenberger et al., 1973 

1970s Radioimmunoassays are developed for hormones and growth factors 
in bovine blood and milk.

Hansel and Snook, 1970; 
Koprowski and Tucker, 1971; 
Malven and McMurtry, 1974

1973 Shortened induced lactation scheme is reported for bovine. Smith and Schanbacher, 1973, 
1974

1976 Glucocorticoid receptors are measured in bovine mammary tissue. Gorewit and Tucker, 1976a,b

1977 Lactogenic complex is demonstrated in explant cultures of bovine 
mammary tissue.

Collier et al., 1977; Nickerson et al., 
1978

1978 Effects of an increased photoperiod on milk production are described 
in cows. 

Peters et al., 1978 (reviewed by 
Dahl et al., 2000)

1980s Steroid and prolactin receptors are measured in bovine tissue. Capuco et al., 1982; Akers and 
Keys, 1984
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Table A1 (Continued). Timeline of important discoveries and developments in mammary development and lactation

Date Milestone Reference

1982 Nutrition is shown to affect periparturient mammary development in 
bovine.

Sejrsen et al., 1982, 1983

1984 Lactogenic hormone receptors described in bovine mammary tissue. Akers and Keys, 1984

1985 Galactopoietic effectiveness and safety of recombinant bST is 
demonstrated. 

Bauman et al., 1985

1986 Growth hormone regulation of mammary growth is demonstrated in 
peripubertal heifers.

1988 Early gene expression studies in bovine are conducted using 
Northern analysis and other techniques. 

Choi et al., 1988

1990s Initial measures of gene expression in bovine mammary gland are 
reported. 

Schanbacher et al., 1993; Koff and 
Plaut, 1995 

1992 Bovine somatotropin is recognized as an emerging animal 
technology.

Bauman, 1992

1994 US Food and Drug Administration approves recombinant bST for use 
in lactating cows. 

Bauman et al., 1999

1990s–2000s Transgenic animals and the mammary gland as bioreactor show 
fleeting promise.

Karatzas and Turner, 1997; Bremel 
et al., 2001; Donovan et al., 2001

1990s–2000s Researchers recognize effects of altered photoperiods, milking 
frequency, and environment (e.g., heat stress) on mammary 
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