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ABSTRACT

The goal of this dissertation was to evaluate genomic regulation during bovine 

mammary epithelial cell (BMEC) growth and differentiation.  To accomplish this goal, a 

collagen gel cell culture system was developed that was capable of mimicking the 

prepartum stages of epithelial development and differentiation.  In addition, this system 

permitted BMEC growth and differentiation using serum-free media.  Supplemental 

growth factors insulin-like growth factor (IGF)-1 and epidermal growth factor (EGF) 

induced ductal growth and branching morphogenesis.  Subsequent stimulation of the 

lactogenic response was accomplished using a combination of IGF-1, hydrocortisone 

(HC) and prolactin (PRL).  In addition to the lactogenic hormones, complete 

differentiation under serum-free conditions required “release” of the collagen gel from 

the sides of the culture well.

Analysis of BMEC in collagen cultures using various lactogenic conditions 

highlighted the critical importance of the extracellular environment during differentiation.  

Both hormonal and structural signals stimulated cellular changes indicative of milk 

constituent synthesis and membrane flow.  A 4,600-cDNA bovine microarray developed 

as part of this dissertation was used to characterize the genomic regulation underlying 

these events.  The objective of the first study utilizing this microarray was to evaluate the 

contribution of the two prominent lactogenic factors in vitro, 1) prolactin and 2) gel 

release.  Results from gene expression analysis revealed numerous genes involved in 

tissue remodeling, extracellular matrix (ECM) interaction, cell-cell junctions and 

structural reorganization (e.g., polarization), underlining the importance of these 
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processes in BMEC differentiation.  Collectively, lactogenic stimulation appears to turn 

off genes associated with structural progression and morphogenesis, and turn on genes 

involved in alveolar MEC differentiation such as cell polarization, milk protein synthesis 

and ER/Golgi transport.  Ultimately, patterns of genomic regulation are identified and 

distinct, yet coordinated programs of gene expression are described for the hormonal and 

structural signals that drive BMEC differentiation.

The objective of the second study utilizing these resources was to evaluate the 

effects of thermal stress on BMEC growth and development.  Heat stress has a negative 

impact on milk production, but the direct effects on BMEC are relatively unknown.  The 

structural response to direct thermal stress was characterized by morphogenic inhibition 

and dramatic regression of the ductal branches.  Gene expression profiling revealed an 

overall up-regulation of genes associated with stress response, DNA repair, protein 

degradation and cell death.  In contrast, genes associated with cellular and MEC-specific 

biosynthesis, metabolism, and morphogenesis, were generally down-regulated.  

Incidentally, this response motivated a further look into the pattern(s) of genomic 

regulation underlying structural regression, which is phenotypically the reverse of what 

occurs during gestational development.  The possibility arose that the heat shock 

response could be used to explore the relationship between structural assembly and 

disassembly, which occurs cyclically in vivo.  This provided an unexpected link between 

the first two studies.

Concomitant with the analysis of BMEC differentiation was a targeted effort 

focusing on two small molecules hypothesized to be involved in regulating the BMEC 
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secretory response: serotonin and prostaglandin E2.  Serotonin (5-hydroxytryptamine) 

was recently implicated as a feedback inhibitor of milk synthesis and secretion in the 

mouse mammary gland.  A pilot in vitro study indicated that serotonin is produced in 

bovine MEC and likely plays a feedback inhibitor role in milk synthesis.  In addition, a 

model was proposed whereby prolactin induces up-regulation of the serotonin 

biosynthetic pathway, leading to increased serotonin levels secreted into the alveolar 

lumen.  The feedback inhibition is then mediated by the serotonin receptor(s) causing 

down-regulation of α-lactalbumin, which reduces the rate of lactose synthesis and slows 

the rate of milk secretion.  

Prostaglandins have long been implicated in local regulation of mammary tissue 

during the periparturient period.  However, little is known about the molecular role of 

prostaglandins in mammary development and lactation.  When added to the standard 

lactogenic treatment in vitro, PGE2 demonstrated a consistently positive influence on 

lumen diameter of BMEC alveolar structures.  This response did not appear to be

motivated by an increase in milk protein synthesis, as PGE2 tended to down-regulate milk 

protein gene expression.  Structural analysis did not appear to reveal lipid secretion 

either, however, the possibility exists that lactose synthesis and secretion was stimulated, 

and the underlying mechanism was not dependent on an increase in α-lactalbumin 

transcription.  This led to another unexpected link, one between serotonin and PGE2 and 

the regulation of α-lactalbumin protein levels in BMEC during lactogenesis.  Overall, 

this dissertation provides new resources for studying bovine functional genomics, 

particularly within the mammary gland, and it provides a strong foundation for 
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understanding genomic regulation of mammary epithelial structure and function.  

Furthermore, it establishes potential roles for local regulation of milk production by 

serotonin and PGE2.
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CHAPTER ONE: INTRODUCTION

Overview

The mammary gland is the defining anatomic feature of the class mammalia and 

milk is essential for the survival of every newborn mammal.  Humans recognized the 

high quality of milk as a food source and incorporated it into their diet some 8500 years 

ago with the domestication of the goat (Campbell and Lasley, 1969).  Since the turn of 

the 20th century, tremendous focus has centered on improving milk yield and composition 

in dairy cattle.  In the last century, breeding schemes and genetic selection strategies have 

greatly improved milk yields of dairy cattle.  In my opinion, the most significant 

improvements in milk production and quality will require the use of molecular genetics.

Early research into the control of mammary growth and lactation focused on 

endocrine regulation (reviewed by Tucker, 1999).  By 1958, these data collectively 

established mammogenic roles for the steroid hormones estrogen and progesterone, but 

demonstrated that the effect depended on prolactin (PRL) and/or growth hormone 

(Lyons, 1958).  Exogenous PRL alone was observed to stimulate milk synthesis in cows 

(Cowie, et al., 1961).  In lab species, combinations of PRL, glucocorticoids, and estrogen 

were discovered to initiate lactation provided the mammary glands had well-developed 

lobule-alveolar systems (Folley, 1956; Reece, 1958).  These early results highlighted the 

regulatory capacity of PRL, and also indicated that a close association existed between 

structure and function in the mammary gland.  After 1958, the focus began to include 

local regulation.  In vitro culture systems were developed, which permitted direct 

evaluation of the effects of hormones on mammary growth and function (Elias, 1959).  
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An unexpected conclusion from these results, as reviewed by Tucker (2000) and Hovey 

et al. (2002), was that there are major differences in the hormonal regulation of 

mammogenesis in rodents, cattle (ruminants) and humans.  This identified the importance 

of bovine-specific research models.  Early in vitro culture systems using bovine 

mammary epithelial cells (BMEC) were limited by the fact that they were plated on 

plastic and therefore could only grow in two dimensions (Ebner et al., 1961).  McGrath 

(1987) was the first to demonstrate that when primary BMEC were embedded in Type I 

collagen gels, they demonstrated three-dimensional growth, with drastically enhanced 

proliferation and ability to undergo morphological differentiation.  His studies identified 

the potential importance of growth factors (IGF-1 and EGF) in the regulation of 

mammary growth.  He also discovered that the pituitary hormones PRL and GH had no 

direct effect on BMEC proliferation and therefore must act through another cell type such 

as the liver (endocrine) or fibroblasts (paracrine) to affect mammary growth (Collier et 

al., 1993).  These and many subsequent studies have demonstrated that the mammary 

gland relies upon a delicate balance of endocrine, autocrine and paracrine signals to 

progress through the appropriate structural and functional changes from embryogenesis 

through sexual maturity and on to each subsequent pregnancy and lactation.  

Interestingly, the majority of mammary growth occurs after birth, particularly during 

pregnancy in most species, and the growth rate increases exponentially throughout 

gestation (Anderson, 1985).  During this time, dramatic morphogenesis occurs, resulting 

in extensive ductal networks and lobule-alveolar development.  All of this mammogenic 

activity prepares the gland for lactogenesis, and the onset of milk secretion just prior to 
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parturition.  Over the course of the ensuing lactation, the gland will first undergo 

additional growth in the postpartum period leading to peak lactation 5-8 weeks after 

calving.  Subsequently, the gland will regress in terms of structure, cell turnover and 

functional capacity, thus completing the cycle that will begin anew with each subsequent 

pregnancy and lactation.  A better understanding of the genomic regulation underlying 

these events is the goal of this dissertation.
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Regulation of Mammary Growth and Morphogenesis

Milk yield is primarily a function of the number of secretory cells in the 

mammary gland and the activity of these cells during lactation.  Mammogenesis is 

composed of both mammary cell proliferation and morphogenesis.  Hence, mammogenic 

signaling during pregnancy is not only critically important to cell number, but also to 

induction of the appropriate tissue morphology, (ductal growth and lobule-alveolar 

development) and cellular structure (undifferentiated).  Mammary growth in dairy cows 

occurs throughout the entire pregnancy, and even into early lactation, which means it 

overlaps with the stages of lactogenesis that occur during the final weeks and days of 

gestation.  This contributes to the difficulty researchers have had distinguishing 

lactogenic from mammogenic factors.  Regardless, the proper mammogenic signals are 

essential to a successful and productive lactation, whereas inappropriate regulation of 

these signals remains a major focus of mammary tumorigenesis.

Endocrine regulation of gestational mammogenesis has long been known to 

revolve around estrogen (E), progesterone (P) and growth hormone (GH).  By 1958, it 

was well established that E stimulated mammary duct growth, and acted synergistically 

with P to stimulate lobule-alveolar development of the mammary gland (Cowie et al., 

1961; Folley et al., 1952; Lyons et al., 1958).  This was supported by the observation that 

mammogenesis during pregnancy in cattle coincided with increased secretion of both 

steroid hormones (Randel et al., 1971).  Despite numerous reports of progesterone-

induced mammary cell proliferation in rodents, the same has not been demonstrated in 

cattle.  However, there is good evidence that P acts in synergy with E to induce lobule-
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alveolar development (Tucker, 2000).  In rodents, it was found that E increased the 

number of PR (Haslam et al., 1979), thus providing a possible mechanism of synergism 

between the two.  As highlighted in a thorough review by Hovey and co-workers (2002), 

exogenous E stimulates MEC proliferation and restores ductal development in heifers 

following ovariectomy.  However, E appears to either require or act coordinately with the 

pituitary hormones.  In a hypophysectomized animal (i.e., in the absence of secretion of 

prolactin and GH), neither estrogen nor progesterone stimulated mammary growth 

(Lyons, 1958).  It is unlikely that secretion of PRL drives mammary growth during 

pregnancy.  Prolonged elevation of PRL concentrations in serum does not occur during a 

normal pregnancy in cattle (Oxender et al., 1972).  Furthermore, when PRL was tested 

using in vitro bovine mammary explants or cell cultures, no apparent proliferative 

response was detected (Collier et al., 1993).  Indeed in cattle, lactogenesis is the only 

function of PRL clearly established to this day.  Growth hormone, however, is strongly 

implicated in mammogenic development.  Forsyth (1989), using a series of endocrine 

ablation/replacement experiments demonstrated clearly that E and GH were the essential 

hormonal requirements to stimulate mammary ductular growth.  This was echoed by the 

observation that exogenous GH administered to intact heifers stimulated mammary 

development, but not in the absence of E (Purup et al., 1993).  While these and many 

other studies clearly indicate the mammogenic effects of E and GH, at present, it is 

widely accepted that these endocrine signals are mediated locally by various autocrine-

paracrine mechanisms.  
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Early reports demonstrated that estrogen not only interacted with growth factors 

in serum, but also stimulated secretion of growth factors from stromal cells of the 

mammary gland resulting in MEC growth (Dembinski et al., 1987; Imagawa et al., 1994).  

One of these locally secreted factors was the somatomedin IGF-1, a major growth factor 

widely implicated in mammogenesis.  Mammary expression of the somatomedins, their 

receptors, and their binding proteins is well documented (Collier et al., 1989 and 1993).  

In the bovine, IGF-1 appears to be regulated by GH, estrogen, and positive feedback 

stimulation from proliferating epithelial cells (Berry et al., 2001).  In the work by Collier 

(1993), IGF-1 directly stimulated bovine mammary growth in pregnant (non-lactating) 

heifers.  The activity of IGF in mammary growth also appears to be dictated by changes 

in the mammary receptor population, which is increased during pregnancy (Collier et al., 

1989).  Another level of regulation is found in the association of IGF with a family of 

individual binding proteins (IGFBP), multiple forms of which are synthesized by MEC 

(Cohick, 1998).  Both positive and negative regulation can be attributed to the numerous 

IGFBPs, production of which appears to be altered by numerous systemic and local 

signals, including GH (Byatt et al., 1992).  Interestingly, in rodents, prolactin suppressed 

the secretion of IGFBP-5, which would otherwise inhibit IGF-1 action and lead to cell 

death (Flint and Knight, 1997).  The latter establishes a plausible scenario whereby 

certain hormones may serve a permissive role during mammary growth, a mechanism 

easily overlooked in the limited, defined environment of in vitro models.  Furthermore, 

studies have shown that mammary involution is associated with a decrease in PRL and an 

increase in IGFBP-5 (Accorsi et al., 2002).
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Among the many other growth factors implicated in stimulating mammogenesis, 

those within the EGF family are of particular interest here.  Members include EGF, 

transforming growth factor (TGF)-α, and amphiregulin, all of which bind the EGF 

receptor (Massague et al., 1993).  Apparently, EGF is not expressed in cows, and TGF-α
is believed to be responsible for activating EGF receptor-mediated activity (Forsyth, 

1996; Sinowatz et al., 2000).  The mammogenic action of estrogen and progesterone 

occurs in part by increasing local production of TGF-α and increasing levels of EGF 

receptor in the epithelium (Plaut, 1993).  Stromal EGF receptors also are necessary for 

normal ductal growth (DiAugustine et al., 1997).  Despite this lack of an EGF-like 

peptide, human EGF is capable of directly stimulating bovine mammary growth in 

peripubertal heifers (Collier et al., 1993).  Beyond these observations, most of the 

information available regarding EGF receptor-mediated mitogenic activity has been 

obtained in vitro.  

The in vitro mammogenic activities of IGF-1 and EGF are of particular relevance 

to this dissertation because they represent the primary supplements used to induce BMEC 

growth in the collagen gel cultures described herein.  Numerous studies identified the 

mitogenic effects of IGF-1 and EGF in cultured mammary cells, each of which act 

through a specific cell surface receptor.  The type 1 IGF receptor is a heterotetramer with 

a high degree of homology with the insulin receptor, each possessing an intracellular 

tyrosine kinase catalytic domain.  The EGF receptor is a transmembrane glycoprotein 

containing an intracellular domain with tyrosine kinase activity (Ullrich et al., 1990).  

Mitogenic stimulation via the EGF receptor involves ligand-induced dimerization and 
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activation of the intracellular tyrosine kinase domain (Ullrich et al., 1990).  The 

stimulatory effect of IGF-1 on DNA synthesis has been reported, and was found to be 

mitogenic for ductal epithelial, secretory alveolar epithelial, and myoepithelial cells 

(Baumrucker and Stemberger, 1989).  McGrath and co-workers (1991) induced 

proliferation of BMEC grown in collagen and cultured using serum-free media (SFM) 

plus IGF-1.  They also used this system to determine the IGFBP profile of cells grown in 

SFM (IGFBP-2, and –3) and serum-supplemented media (IGFBP-2, and –3).  Together 

with data from Collier and co-workers (1993), it was established that the ranking order of 

in vitro mitogenic activity for the somatomedins was IGF-1 > IGF-2 >> insulin, which 

was reflective of each molecule’s affinity for the type 1 receptor (see also Cullen et al., 

1990).  The type 1 receptor is in fact the only one that has been shown unequivocally to 

mediate signaling functions (Forsyth, 1996).  In the same study by Collier (1993), both 

EGF and TGF-α were directly mitogenic for BMEC, with TGF-a apparently the more 

potent of the two (see also Tou et al., 1990).  A few studies documented the potential 

additive effects of EGF and IGF-1 in bovine MEC (Zurfluh et al., 1990; Peri et al., 1992).  

In the earlier study, EGF dose-dependently stimulated DNA synthesis in the presence of 

3% FBS and IGF-1 (76 ng/ml).  Even more interesting was the finding in the second 

study that EGF (20 ng/ml) demonstrated an additive effect with IGF-1 in cultures using 

SFM.  Speculation on the potential synergy between EGF and IGF-1 during BMEC 

proliferation was also based on data from mouse MEC studies.  Several pertinent 

observations were generated by Woodward and co-workers (2000), who found that 

mouse MEC cultured on various ECMs including type I collagen 1) promoted a highly 
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synergistic proliferative response to EGF plus IGF-1, 2) significantly increased 

expression of EGF and IGF receptors compared with growth on a non-ECM substrate and 

3) demonstrated an EGF-dependent down-regulation (by more than 50%) of IGFBP-2 

and -3.  These results strongly indicate an ECM-specific IGF-1/EGF synergism in 

response to ECM up-regulation of growth factor receptors and EGF down-regulation of 

inhibitory IGFBPs.  Finally, a more detailed hypothesis was formulated when it was 

discovered that both IGF-1 and EGF induced expression of early G(1) cyclins, however, 

only IGF-1 induced late G(1) and G(2) cyclins (Stull et al., 2002).  These data 

demonstrated that IGF-1 is essential for cell cycle progression in mouse MEC and it is 

required for EGF-mediated progression past the G(1)-S checkpoint.  Collectively, these 

results clearly illustrate how the combination of IGF-1 and EGF alone could be capable 

of stimulating ductal growth and MEC proliferation in vitro.
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Regulation of Lactogenesis and Milk Production

Complexity is the rule, not the exception in mammary gland biology, as myriad 

systemic and local factors regulate the structural and functional changes associated with 

lactogenesis as well.  As with mammary growth, lactogenesis and lactation in the 

ruminant are long-duration processes involving days or weeks; thus, the endocrine system 

has long been considered the primary regulatory factor (Larson, et al., 1985).  However, 

considerable evidence indicates that the local synthesis of various autocrine and paracrine 

factors mediates much of the hormone action.  There have even been reports that local 

synthesis of prolactin (Malven et al, 1987; Ginsburg et al., 1995) and growth hormone 

(Mol et al., 1996) occurs within MEC.  In addition, numerous reports by Bissell and 

various co-workers have demonstrated the importance of extracellular matrix (ECM) 

interactions during MEC differentiation. Figure 1.1 illustrates the well-documented 

changes in blood serum/plasma concentrations of several relevant hormones during the 

periparturient period.  

Lactogenesis is conveniently defined as a two-stage mechanism.  The first stage 

consists of cytologic and enzymatic differentiation of the alveolar cells consistent with 

initiation of milk synthesis and coincides with limited secretion of milk before 

parturition.  The second stage (also called the Secretion Activation Stage) begins with 

copious secretion of all milk components shortly before parturition in most species and 

extends through several days postpartum (Larson et al., 1985).  In cattle, stage II 

lactogenesis begins 0-4 days before parturition and lasts a few days after.  During the 

lactogenic stages leading up to parturition, numerous changes in the extracellular 
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Figure 1.1. Hormone concentrations during lactogenesis. Changes in 
concentrations of α-lactalbumin and hormones in blood serum and plasma of cows 
during the periparturient period (reprinted from Lactation (1985) by Larson (ed.), 
with permission from publisher, Iowa State University Press, Ames, Iowa)
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environment occur within the gland.  Together, these signals coordinate to induce 

dramatic reorganization of the MEC ultrastructure and biosynthesisof the milk 

constituents. 

In order to support milk synthesis and secretion, epithelial cells lining the lumen 

of mammary alveoli must undergo ultrastructural reorganization (Figure 1.2).  

Polarization of the alveolar epithelial cells, which marks the fully differentiated state, is 

preceded by basolateral shifting of the nucleus, development of the rough endoplasmic 

reticulum (RER) and Golgi, and formation of large and small lipid droplets.  Transition to 

the fully secretory state coincides with distinct separation of the basal region containing 

rounded nuclei and well-developed RER, from the apical region containing dense Golgi, 

vacuoles and secretory vesicles (Larson et al., 1985).  As the alveolar epithelial cells 

become polarized, tight junctional complexes around the apical portion form a tight 

barrier.  This essentially represents a blood-milk barrier, with the secretory cells 

regulating basolateral uptake of the precursors for milk synthesis and apical secretion of 

the milk constituents into the lumen.  The structure-function relationships in MEC during 

milk synthesis and secretion are shown in Figure 1.3.  These ultrastructural changes and 

their coordination with the biosynthesis and eventual secretion of milk constituents are 

largely regulated by the stimulatory actions of prolactin (PRL) and glucocorticoids (GC), 

and the removal of progesterone.  

Some interesting discoveries related to progesterone offered insight into the 

regulatory mechanisms of lactogenesis.  Referring to Figure 1, the synergistic 
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Figure 1.2. Diagram of fully differentiated secretory MEC. Diagrammatic 
representation of a secretory cell in the alveolar epithelium of the lactating mammary 
gland. AM = apical plasma membrane; BM = basal plasma membrane; BaM = 
basement membrane; CAP = capillary; CR = chromosomes; GA = Golgi apparatus; 
GJ = gap junction; JC = junctional complex; L = lysosome; LD = lipid droplet 
(globule); M = mitochondrion; MCP = myoepithelial cell process; MV = microvilli; N
= nucleus; NU = nucleolus; P = protein (casein micelle); R = ribosomes (free and 
bound); RER = rough endoplasmic reticulum; SER = smooth endoplasmic reticulum; 
SV = secretory vesicle. Precursors from the blood stream (CAP) enter the cell and 
exit into the lumen as milk constituents. (Adapted from C. Andersen, reprinted from 
Lactation (1985) by Larson (ed.), with permission from publisher, Iowa State 
University Press, Ames, Iowa).
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FIGURE 1.3.  Structure-function relationships in MEC. Structure-function 
relationships in mammary epithelial cells. (Adapted from Davis and Bauman 
(1974), reprinted with permission from Lactation (1985) by Larson (ed.), Iowa 
State University Press, Ames, Iowa).
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relationship between estrogen and progesterone appears to end with growth regulation, as 

progesterone concentration drops to baseline levels prior to parturition.  Progesterone 

indeed turned out to be a potent inhibitor of lactogenesis, but the manner in which it did 

so provided links with the two major lactogens, PRL and GC.  For example, progesterone 

suppressed the ability of PRL to increase the number of PRL receptors in the mammary 

gland (Djiane et al., 1977).  Furthermore, progesterone blocked GC receptors in 

mammary tissue, which in turn would suppress the lactogenic activity of the GC (Collier 

et al., 1978).  Additional correlative evidence further indicated the pivotal role of 

progesterone in suppressing lactogenesis.  For example, injections of progesterone during 

pregnancy prevented normal initiation of lactose, α-lactalbumin, and casein synthesis 

(Kuhn, 1969; Rosen et al., 1979; Turkington et al., 1969).  Furthermore, removal of 

progesterone via ovariectomy during pregnancy normally initiated lactation (Liu et al., 

1967), but if concurrent removal of the adrenal or anterior pituitary was performed, 

lactogenesis did not occur.  In mice, progesterone inhibited PRL receptor and β-casein 

mRNA levels, whereas PRL and GC caused an increase (Nishiwaka et al., 1994).  This 

reinforced the concept that positive (PRL, GC) as well as negative (progesterone) factors 

were involved in lactogenesis.

While it is clear that glucocorticoids often act in synergy with PRL during 

lactogenesis, each hormone has distinct roles in regulation of BMEC gene expression.  In 

general, GC concentrations in blood remained low for the greater portion of gestation 

until just before parturition when they increased to a peak that coincided with delivery of 

the offspring (Edgerton et al., 1973), which is also shown in Figure 1.  Adrenalectomy of 
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pregnant animals markedly inhibits subsequent lactogenesis and lactation.  In goats and 

cattle, mammary uptake and binding of GC increased with onset of lactation (Gorewit et 

al., 1977).  It was determined that free GC from the blood binds cytosolic GC-specific 

receptors in mammary alveolar epithelial cells (Gorewit et al., 1976), which results in 

translocation to the nucleus and up-regulation of α-lactalbumin and β-casein gene 

expression (Ray et al., 1986).  The predominant endogenous glucocorticoid in cattle is 

cortisol/hydrocortisone (HC), which functions at the mammary gland to cause 

differentiation of the lobule-alveolar system.  Cortisol targets the ER and Golgi apparatus 

and induces their development, which is a prerequisite for the PRL-induced synthesis of 

casein and other milk proteins.  These activities involve a significant decrease in cAMP 

levels in MEC, and cAMP infusion can block the lactogenic effects of PRL and GC.  In 

mice, cortisol exerted a profound, selective effect on the stabilization of rat casein 

mRNA, and was essential for the transcription of the casein gene (Chomczynski et al., 

1986).  In addition, cortisol affected the lactogenic response of cultured mammary tissue 

by regulating PRL binding to the epithelial cells (Sakai et al., 1979).  

The pituitary hormones PRL and GH are homeorhetic regulators of metabolism.  

They coordinate metabolism to support a specific physiologic state.  In the case of the 

mammary gland, the specific roles of PRL and GH vary across species.  In cattle, PRL is 

required for lactogenesis and GH is required for galactopoiesis (continued maintenance 

of lactation).  Prolactin is also thought to be essential for maintenance of established 

lactation but the appropriate studies have never been done to prove this.  In addition, 

placental lactogen, which binds to both PRL and GH receptors, exhibits both 
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mammogenic and lactogenic potential in certain species, but neither has been 

convincingly demonstrated in the pregnant or lactating cow (Byatt et al., 1994).  

Regardless, PRL is the main determinant of functional differentiation of mammary 

epithelium, and it has been the most intensely studied hormone related to mammary 

function.  Accordingly, there is a great deal of data specific to bovine.  A number of early 

studies implicated prolactin as a prominent lactogen, but none more than that of Cowie in 

1969.  Hypophysectomy of a lactating goat resulted in a rapid decrease in milk yields.  

Administration of a synthetic GC, triiodothyronine and GH restored lactation to 

approximately 28% of normal.  When prolactin was added to the mixture, milk yields 

were completely restored to prehypophysectomy levels.  Numerous studies to follow 

would show that addition of PRL to media containing mammary gland explants from 

several species, including cattle, initiated synthesis and secretion of milk components.  

Thus, prolactin has a direct action on mammary epithelial tissue and also likely has 

indirect effects because of its role as a homeorhetic regulator (Bauman and Currie, 1980).  

Finally, Malven and co-workers (1987) demonstrated that bovine mammary tissue 

produces PRL.  It could therefore play an autocrine role in the bovine mammary gland as 

well. 

Similar to GC, circulating PRL levels surge just prior to parturition and coincident 

with the second stage of lactogenesis.  If this surge is removed, the alveolar epithelial 

cells are less differentiated and subsequent lactation is reduced (Akers et al., 1981).  

Thorough cytological analysis from the same study confirmed that secretion of PRL 

during the periparturient period is essential for complete ultrastructural differentiation of 
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the mammary gland.  Prolactin is also integrally involved in expression of milk proteins, 

such as casein and α-lactalbumin.  All of these effects appear to be directly mediated 

through the PRL receptor (PRL-R).  Interestingly, PRL-R number increases at stage I 

lactogenesis and is associated with appearance of cellular organelles; following a brief 

plateau, the number of receptors increases again at stage II.  

The PRL-R is located on the plasma membrane of MEC, and is capable of being 

regulated (positively and negatively) by PRL.  Inactivation of PRL-R with antibodies 

blocked the ability of PRL to induce milk protein synthesis (Djiane et al., 1982).  Ligand 

binding induces PRL-R dimerization, which activates Janus kinase 2 (JAK2) (Liu et al., 

1997).  The JAK2, in turn, phosphorylates and activates transcription factors of the 

family of signal transducers and activators of transcription (STAT), including STAT5a, 

which promotes expression of genes that regulate secretion of milk proteins.  In mice, 

inactivation of the genes controlling PRL-R or STAT5 greatly reduced differentiation of 

the mammary epithelium, leading to failure of lactation (Hennighausen et al., 1997).  

Earlier studies, as summarized by Larson (1985), implicated the microtubule network and 

cell nucleus in the downstream signaling of PRL-induced receptor dimerization.  

Furthermore, the PRL-R dimer was thought to activate the membrane-associated enzyme 

phospholipase A, which has since been confirmed in other PRL-responsive cell types 

(Prigent-Tessier et al., 1996).    

Secretion of milk constituents into the alveolar lumen is the penultimate step in 

the progression of lactogenesis through to milk delivery to the neonate.  It is of particular 

interest to this dissertation because it has commonly been a limitation of in vitro
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techniques involving bovine (B)MEC differentiation.  Unfortunately, it appears to be the 

least characterized step, as recent attempts to identify a cellular marker to quantitatively 

assay active secretion in MEC were unsuccessful.  The major milk solid constituents 

secreted into the lumen are 1) lipids, 2) the major milk proteins and 3) lactose.  In a 

mammary alveolar secretory cell (Figure 2) the lipids, which are essentially (>97%) 

triglycerides, are synthesized in the vicinity of the ER, and increase in size as the move 

from the ER toward the apical membrane.  They are exported into the lumen as globules, 

encased in an envelope of apical plasma membrane.  The major milk proteins are 

synthesized in the rough ER and pass to the Golgi, where lactose and other nonfat 

constituents are incorporated into the Golgi vesicles.  The secretory vesicles bud off from 

the Golgi and move apically, during which time the casein complexes develop into the 

characteristic micelles observed in secreted milk.  These secretory vesicles fuse with the 

plasma membrane, and the contents are exocytotically discharged into the lumen, thereby 

offsetting the loss of apical membrane due to lipid secretion.  

The molecule that drives secretion in the mammary epithelial cell is lactose.  

Lactose is formed inside the secretory vesicles and cannot diffuse out, which tips the 

osmotic balance and draws in water, causing the secretory vesicle to swell and effectively 

determining milk volume.  Insulin and/or IGF-1 are believed to be involved in glucose 

uptake by the mammary gland, thereby providing the precursor for lactose.  The 

previously mentioned milk protein α-lactalbumin, which is regulated in part by the 

lactogenic hormones (PRL and/or GC), catalyzes the reaction that converts glucose into 

lactose.  Despite the volumetric control of lactose on milk secretion, it is the sequential 
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mechanisms of membrane flow that ultimately characterize milk secretion.  While limited 

information exists, it is believed that all of the membranes are functionally connected, 

from the nuclear envelope, ER, Golgi, secretory vesicles and plasma membranes, to 

others like the outer mitochondrial and lysosomal membranes.  In addition, a certain role 

must exist for microtubules during membrane flow, and such is suggested by the ability 

of colchicine (inhibitor of microtubule function) to inhibit cellular secretion but not milk 

synthesis.

The shear number of factors involved during stage II lactogenesis and the 

surrounding periparturient period is enough to convince one of the cellular complexities 

involved in milk synthesis and secretion.  In addition, one must account for the numerous 

systemic contributions associated with the physiologically demanding (and stressful) 

events of parturition.  This elegant coordination of metabolism has been the subject of 

considerable research over the last two decades (see reviews by Bauman et al., 1980; 

Vernon et al., 2002; Collier et al., 1984).  However, the specific objective of this 

dissertation is to focus on events in the mammary gland rather than whole body 

metabolism.

Extracellular Matrix

While conventional thinking tends to focus on endocrine regulation, a significant 

amount of research examining mammary growth and function suggests an important role 

for the extracellular matrix (ECM).  To achieve the production associated with lactation, 

the mammary gland must grow and then differentiate, both processes requiring extensive 
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tissue remodeling.  The mammary gland is an excellent experimental model for studying 

tissue remodeling events, owing to the fact that much of the growth occurs post-natally 

rather than during embryonic or fetal stages of development.  Furthermore, dramatic 

morphological cycling occurs with every pregnancy and lactation.  There is evidence that 

some of the aforementioned hormones and growth factors elicit their effect via tissue 

remodeling events.  Some of the correlative evidence in bovine involves research 

investigating the role of the plasmin/plasminogen system during mammary involution, 

which is deserving of a brief review.

Plasmin is a serine protease arising from proteolysis of its precursor, 

plasminogen, by specific proteases termed plasminogen activators (PA) (Turner et al., 

1991).  As lactation progresses, the quantity of plasmin activity increases within 

mammary tissue and milk, leading to the hypothesis that gradual involution results from 

progressive tissue remodeling (Turner et al., 1991).  Forced involution in dairy cattle 

causes the secretory epithelia to undergo dramatic morphological changes consistent with 

a diminishing synthetic capacity (Holst et al., 1987; Sordillo et al., 1988).  In addition, 

hormonal attenuation of gradual involution by GH was negatively correlated with 

plasmin concentration during late lactation (Politis et al., 1990).  Interestingly, in vitro

results indicated that IGF-1, a likely mediator of GH activity in the mammary gland, 

impairs the secretion of PA (i.e., decreases plasmin activity) by bovine MEC.

During pregnancy, significant tissue remodeling occurs during ductal extension 

and ductal-alveolar development.  This lengthy period of morphogenic growth is 

essentially completed just prior to parturition, a period highlighted by the acute rise in 
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glucocorticoids (GC) and PRL during lactogenesis.  Appropriately, the relationship(s) 

between the plasmin system and GC or PRL was examined (Ossowski et al., 1979).  The 

GC inhibited PA secretion/plasmin activity, whereas PRL had no effect alone but 

sensitized the tissue to GC.  It should be noted that involution and lactogenesis are 

essentially physiological opposites, one representing regression, and the other 

representing progressive growth.  Regardless, tissue remodeling is a parallel between 

them, and the relevance of morphogenic control during mammary growth and 

differentiation has clearly been established.

Perhaps the most compelling evidence that ECM interaction was important, if not 

critical to mammary epithelial cell growth and differentiation, was the success of in vitro

MEC culture using collagen gels.  This system holds many advantages, the primary being 

that mammary epithelial cells can grow into three-dimensional ductal structures in this 

model.  Prior to this system, mammary cells were grown on plastic, which only permitted 

growth in two dimensions.  The ability to generate primary cell cultures that mimic in 

vivo growth and differentiation offers tremendous potential for any tissue system.  For the 

bovine mammary gland, this system provides an efficient and economical means by 

which to make much needed improvements in our molecular understanding of mammary 

growth and lactogenesis.
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Mammary Epithelial Cell Culture 

The complexity of lactogenesis makes it particularly difficult to characterize at 

the molecular level, especially when trying to distinguish the independent effects of, or 

clarify the interactions between, the many factors comprising the hormonal milieu.  One 

fact that has been helpful in teasing out these interactions is the close relationship 

between structure and function in mammary tissue.  However, the ability to mimic in vivo

structural differentiation in vitro has proven to be a difficult task.  Two milestones in the 

history of in vitro MEC culture have largely defined what we know about the molecular 

mechanisms of mammary growth and differentiation.  First, the use of collagen as an 

ECM preserved many of the native structural and functional characteristics.  This was a 

major accomplishment for those interested in the events of lactogenesis, as an essential 

feature of mammary gland differentiation is the formation of alveoli.  Second, the use of 

defined, serum-free culture media better enabled researches to determine the independent 

effects of hormones and growth factors on MEC structure and function.  A review of the 

literature highlighting these points was critical to the development of the collagen gel 

culture system used for the research in this dissertation.

Collagen

As reviewed by Yang and Nandi in 1983, collagen is a major constituent of the 

extracellular matrix in vivo and has been used as a substrate for cultured cells for many 

decades.  Collagen used as a substrate in culture work typically consists of type I, found 

in acid extract of rat tail, although numerous purified collagen extracts are now 
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commercially available.  The first reported study of cells plated on collagen was in 1932 

by Huzella and Lengyel, as referenced in the first extensive work done by Ehrmann and 

Gey (1956), who reported “slight to greatly improved” growth of 29 different cell strains 

and tissue explants on reconstituted rat tail collagen compared to growth on glass.  

Studies from the 1960’s demonstrated that growing on collagen substrate enhanced 

growth and increased survival length (Hillis and Bang, 1962), enabled retention of 

morphologic and functional differential properties (Alexander and Grisham, 1970), and 

obviated the need for conditioned medium (Hauschka and Konigsberg, 1966).  

The use of collagen as a matrix to support three-dimensional (3-D) growth did not 

catch on until the late 70’s and early 80’s.  An interesting early report was the 

observation that individual fibroblasts grown within the collagen gel matrix adhered at 

many points that did not lie in the same plane, thus confirming a truly 3-dimensional 

growth (Dunn and Ebendal, 1978).  The early 1980’s also saw the 3-D collagen gel 

cultures of mammary epithelial cells from rat (Salomon et al., 1981) and human (Yang et 

al., 1981a).  Tumorigenesis models began to utilize 3-D collagen constructs around this 

time as well.  The observation that cells embedded within the matrix offered 

morphogenic properties common to the native tissue was emphatically demonstrated by 

Bennet in 1980.  Cells derived from a rat mammary tumor grew and generated 3-D 

structures with branching, hollow tubules, and sometimes with bulbous ends.  Around 

this time, a number of studies by Yang and co-workers concentrated on primary cultures 

of mouse mammary epithelial cells using collagen gels.  Cells rearranged themselves and 

produced duct-like structures extending into the matrix, resulting in a 3-D outgrowth 
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(Yang et al., 1979, 1980a,c).  A number of experiments within these studies strongly 

indicated what we know now for certain, that the collagen gel outgrowths were mammary 

epithelial in origin.

Mackenzie et al. described the culture of primary bovine mammary epithelial cells 

on collagen gels in 1982.  Digestion of isolated mammary parenchyma tissue generated 

lobules of acini (alveoli) and small ducts held together with intralobular connective 

tissue.  These structures were not viable in culture; however, further digestion resulted in 

cell clumps of less than 0.1 mm diameter that were viable and did grow out into the 

collagen gel.  Interestingly, cell clumps from tissue isolated from lactating cows failed to 

grow, as did all cultures plated on plastic without collagen.  The first signs of growth 

occurred within 24 hours and consisted of cell projections extending into the collagen gel.  

Cells grew to confluence in these cultures, when they were cultured on the gel, as 

opposed to embedded in the gel.  However, the cells were still morphologically 

representative of MEC and were able to maintain growth for several days.  McGrath 

(1987) published a description of primary BMEC cultured within collagen gels, and 

intently addressed the fact that “floating” gel cultures were most applicable for 

investigating mammary differentiation, whereas attached gels with embedded cells were 

ideal for proliferation studies.  These two studies provided a framework for the 

development of the culture system described herein, although both of these early studies 

utilized serum-supplemented media.

While collagen gel cultures using bovine MEC have not been intensively studied, 

mouse and rat MEC models have revealed a great deal about mammary structure and 
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function over the past 20 years.  The use of 3-D constructs has proven invaluable, and 

also essential, as many of these reports have provided convincing evidence that the ECM 

not only contributes to, but controls many aspects of mammary growth and function.

The concept of “dynamic reciprocity”, a proposition that complex interactions 

between ECM and the cellular cytoskeleton contribute to the induction and maintenance 

of tissue-specific gene expression [in the mammary gland], was introduced in the early 

1980’s (Sage, 1982; Bissell et al., 1982).  Between 1987 and 1990, a substantial amount 

of evidence clearly demonstrated that morphological and functional differentiation, 

especially milk protein regulation, involved synergistic action of lactogenic hormones 

and the ECM (Aggeler et al., 1988; Barcellos-Hoff et al., 1989; Schmidhauser et al., 

1990).  At this time, it was determined that the reason functional differentiation occurred 

in floating collagen gels was because of the deposition of endogenous basement 

membrane (Streuli et al., 1990).  In fact, similar cultures utilizing reconstituted basement 

membrane had become a common alternative to the collagen gel system (Li et al, 1987).  

It was even suggested that under certain conditions, secretion of the milk protein β-casein 

was dependent on cell interactions with specific basement membrane compounds (Streuli 

et al., 1991).

Collagen gel cultures were also valuable for investigating the mammogenic (and 

morphogenic) properties of MEC.  As a result of such studies, the crucial role of matrix 

metalloproteinases (MMPs) and numerous growth factors during branching 

morphogenesis was discovered (Simian et al., 2001).  This topic was revisited in 2004, 

highlighting the dependency of mammary gland branching morphogenesis on the ECM, 
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ECM receptors (e.g., integrins), ECM-degrading enzymes (e.g., MMPs) and their 

inhibitors, tissue inhibitors of metalloproteinases (TIMPs) (Fata et al., 2004).  A 

statement from that abstract subtly indicates how much room there is for future research: 

“There is some evidence that these ECM cues affect one or more of the following 

processes: cell survival, polarity, proliferation, differentiation, adhesion, and migration.”  

Thus suggesting that not only does the ECM play a role in many aspects of tissue-specific 

form and function, but there is much left to learn.

Media: Mammogenic and Lactogenic Factors

Derivation of the media used to culture bovine MEC was based on much of the 

same research that provided details of the collagen gel culture system.  While many 

experiments cited in the literature utilized serum-supplemented media, the ability to 

culture MEC using serum-free media (SFM) was demonstrated as early as 1982 

(Imagawa et al., 1982; Yang et al., 1982c).  In these studies, normal mouse MEC 

underwent sustained growth for up to 3 weeks using SFM supplemented with insulin, 

EGF, bovine serum albumin (BSA) and cholera toxin.  Of those supplements, deletion of 

insulin and EGF had the biggest [negative] effect on growth (Imagawa et al., 1982).  It 

was later determined that insulin enhanced MEC survival, and only at superphysiological 

levels was it capable of stimulating proliferation (likely through the type I IGF receptor) 

(Deeks et al., 1988).  In contrast, IGF-1 is mitogenic at physiological levels, although it 

has also been implicated in signaling cell survival in vitro (Forsyth, 1996).  
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Two major growth-factor signaling cascades are required for normal growth of 

epithelial cells (Aaronson et al., 1990).  One pathway is activated by the IGF-1 receptor 

by IGF-1 or high insulin concentration, and the other is triggered by activation of the 

EGF receptor by members of the EGF family.  It was later shown that IGF-1 was 

essential for cell cycle progression in MEC, and it was required for EGF-mediated 

progression past the G(1)-S checkpoint, otherwise establishing a mechanism to explain 

the commonly reported synergistic effect of EGF and IGF-1 (Stull et al., 2002).  

Interestingly, it had been determined years earlier that a second, independent pathway for 

EGF was responsible for the dedifferentiation of alveolar epithelial cells, and that this 

effect of EGF could be blocked while the mitogenic action was not influenced (Spitzer et 

al., 1995).  This had presented a problem, as EGF was being used to induce MEC growth, 

but not always being removed upon induction of functional differentiation.  Furthermore, 

it appeared as though interaction with other hormones or growth factors was imminent, as 

contradictory results surfaced with EGF actually stimulating milk synthesis and (or) 

secretion-related activities in some cultures.

The ability to induce and maintain functional differentiation was a notable 

achievement, and ultimately provided a resource with which to study the details of the 

transition to a secretory MEC.  Lactogenic stimulation of MEC in collagen gel culture 

was quite successful from the beginning.  A hormonal combination of insulin, PRL and 

cortisol was quickly adopted as the lactogenic complex necessary for in vitro stimulation 

of BMEC differentiation.  Ultrastructurally, the response to lactogenic stimulation in 

vitro very closely mimicked that seen in native tissue.  Cells cultured on (in) extracellular 
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matrix (ECM) in the presence of PRL, insulin, and hydrocortisone (HC) form hollow 

spheres and duct-like structures that are completely surrounded by matrix.  It was 

reported that cells grown on released or “floating” collagen gels exhibited as much as 30-

fold increases in β-casein mRNA over cells grown on plastic (Aggeler et al., 1988).  

Induction of β-casein expression depended strongly on the presence of lactogenic 

hormones, especially PRL, in the culture.  

Despite the requirement of these hormones and growth factors, perhaps the most 

significant lactogenic factor for in vitro lactogenesis is the ECM.  When BMEC were 

initially being cultured in collagen gels, a technique was discovered that enhanced the 

differentiation response.  If the collagen gel was “released” by manually breaking the 

adhesive bond between the collagen and plate well, proliferation decreased and all 

aspects of the lactogenic response were enhanced.  These cultures were considered 

“floating gels”, and it appeared as though this mechanical manipulation (“gel release”) 

permitted structural reorganization of the MEC and prompted the transition from 

proliferation to differentiation, however, the molecular explanation for this response has 

not been described.  Based on this information, as well as the earlier discussions on 

collagen gels and ECM involvement in vivo, it is clear that substrate is an integral part of 

mammary epithelial cell differentiation and needs to be further evaluated.



46

Prostaglandin E2

Prostaglandins (PG) are involved in regulating or mediating many physiological 

processes, and they are produced locally by the mammary gland.  Prostaglandin E2

(PGE2) content rises in mammary secretions during the last week of gestation, returning 

to basal levels by 2 days postpartum.  This rise in PGE2 corresponds with a period of 

continued MEC growth and the onset of secretory activity (Secretory Activation Stage).  

Intramammary infusions (IMI) of PGE2 through the teat canal have been carried out to 

examine the ability of exogenous PGE2 to enhance the lactogenic response and increase 

subsequent milk yield.  Interestingly, PGE2 had tremendous impact on mammary tissue in 

cows of all physiological stages tested, except for postpartum, lactating cows.  In 

pregnant, non-lactating cows, DNA content doubles within 48 hours and mammary 

epithelial cells become secretory (Collier, unpublished; Stiening, unpublished).  

Prepartum IMI of PGE2 were mammogenic in late-pregnant heifers (Annen, et al, 2004).  

In both instances, however, the positive effects did not carry over into the subsequent 

lactation; i.e., no difference in milk yield or size of treated versus control udder halves.  

When PGE2 was infused immediately following parturition, no effect was found on DNA 

synthesis, proliferative activity, milk yield or milk composition (Annen and Stiening, 

unpublished).  Recently, PGE2 was tested on cows induced to lactate (i.e., non-pregnant, 

non-lactating cows hormonally induced into lactation).  The udder halves receiving IMI 

of PGE2 responded with enhanced growth and increased milk yield compared to controls.  

Collectively, these efforts suggest both mammogenic and lactogenic properties for PGE2, 

depending on the physiological status of the animal.  A plausible explanation based on 
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these results is that PGE2 is important to mammary development during lactogenesis, but 

the endogenous prepartum production is more than sufficient and does not limit 

subsequent milk yield.  

The effects of PGE2 on mammary tissue have been investigated, mostly in mice or 

in vitro using mouse MEC cultures.  One reason for this is that many mammary cancer 

models demonstrate elevated levels of PGE2, and addition to cultured cells induces 

proliferation.  From these studies, some potential parallelisms exist for cattle.  One of 

particular interest demonstrated a reversal of cortisol-induced inhibition of α-lactalbumin 

by PGE2 in the mouse mammary gland in culture (Terada et al., 1982).  Using this model, 

the researchers had found cortisol (a glucocorticoid) to dose-dependently inhibit the 

major milk protein α-lactalbumin.  Addition of PGE2 selectively reversed this effect 

without altering synthesis of the other major milk protein, β-casein.  Thus, the 

opportunity to maximize formation of the two milk proteins was possibly afforded by 

PGE2.  Another interesting study implicating PGE2 as a possible lactogenic mediator 

demonstrated that prolactin regulated expression of phospholipase A2 (PLA2) and PG 

G/H synthase in uterine stromal cells (Prigent-Tessier et al., 1996).  These two enzymes 

are largely responsible for PG production, which strongly suggested a mechanism for the 

PRL-induced increase in PGE2 production in these cells.

Other studies have produced results demonstrating a more mammogenic role.  In 

a significant number of these, a link was established between EGF or EGF receptor 

stimulation and PGE2 production.  Among these was 1) the EGF-regulated conversion of 

arachidonate to PGE2 (Zakar and Olson, 1988), 2) EGF-dependent growth stimulation by 
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PGE2 (Imagawa et al., 1988), 3) the requirement of EGF receptor activation in PLA2

activity and subsequent PGE2 production (Liu et al., 1993), and 4) EGF-induced COX-2 

expression and PGE2 production leading to a cell survival advantage (Saha et al., 1999).  

Finally, in experiments using BMEC cultured in collagen gels, PGE2 was produced in 

serum-free culture, and when PG synthesis was blocked, cell survival was compromised, 

especially during the latter stages of the culture period (McGrath et al., unpublished).  

Exogenous PGE2 supplementation had a variety of effects, from enhancing growth and 

(or) survival rate, to inhibiting it at high concentrations, to having no effect at all.  In 

summary, it seems likely that PGE2 is somehow involved in bovine mammary gland 

during the final days prior to parturition; however, it is inconclusive if its role is 

mammogenic, lactogenic, or both.
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Serotonin

A unique characteristic of the mammary gland is the ability of the tissue to 

undergo cycles of growth, differentiation and regression.  The repeated coordination of 

such diverse functions involves an even more diverse and complex regulation.  One such 

regulatory aspect is the inhibition or down-regulation of the lactogenic response; and 

more specifically, the mechanism by which mammary epithelial cells are signaled to 

decrease and/or terminate the biosynthesis and secretion of milk components.

An autocrine-paracrine homeostatic feedback opposes the endocrine stimulation 

of mammary development and milk secretion.  As milk fills the glands, secretion is 

rapidly downregulated, protein gene expression is suppressed, and involution is initiated 

(Peaker et al., 1998).  Several studies attempted to characterize a milk constituent that 

was shown to display this autocrine feedback inhibition.  The caprine inhibitor, termed 

FIL (feedback inhibitor of lactation), is reportedly synthesized by MEC in primary 

culture.  Despite numerous physiological studies and careful characterization of the local 

feedback regulation, the specific biochemical components of this regulatory system have 

not been identified.  

Serotonin was recently implicated as a regulator of mammary gland development 

and lactation in murine (Matsuda et al., 2004).  Serotonin (5-hydroxytryptamine, 5-HT) is 

a central neurotransmitter that is widely implicated in the regulation of mood and 

cognition, and is a peripheral signaling molecule that affects hemostasis, immune 

function, intestinal physiology, and other systems (Hardman and Limbird, 2001).  There 

are multiple types of 5-HT receptors that are distributed widely among endocrine, 
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cardiovascular, immune, and gastrointestinal tissues.  Tryptophan hydroxylase (TPH) is 

the rate-limiting enzyme for 5-HT biosynthesis (Fitzpatrick, 1999) and is encoded by 

both the classical TPH gene (TPH1) and a newly discovered neuronal gene (TPH2), 

which is preferentially expressed in the brain (Walther et al., 2003).  Suppression 

subtractive hybridization cloning identified TPH-1 differential expression in mammary 

gland tissues from PRL-deficient mice (Horseman et al., 1997).  Almost seven years 

later, 5-HT was detected in murine milk by HPLC, and localized in the mammary 

epithelium by IHC (Matsuda et al., 2004).  Serotonin strongly attenuated β-casein 

expression and induced overall characteristics representative of involuting mammary 

tissue.  During this study, it was also observed that PRL was responsible for inducing 

expression of TPH-1, however, it was not clear whether this effect was direct or indirect.  

Taken together, the possibility exists that FIL is serotonin, thereby prompting future 

studies, and immediately identifying the need to examine this hypothesis in bovine.
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Microarray

In order to improve our understanding of bovine mammary gland form and 

function, it is essential that we also have the ability to measure changes in gene 

expression.  Microarray technology has revolutionized the way we approach functional 

genomics, and it has many inherent qualities that make it an attractive technology for 

studying gene expression in cattle.  Through the use of cDNA microarrays, the potential 

for gene discovery looms large.  For those sequences that are publicly available, many are 

nothing more than just that, a sequence lacking any sort of functional annotation.  In 

addition, many of the annotated sequences include descriptions based on similar 

sequences in species other than bovine.  Assigning bovine-specific gene sequence and 

annotation data is essential to the collective “bovine genome project” efforts.  By 

integrating microarray data into a representative database, functional data is implicitly 

assigned to the genes detected during microarray analysis.  With additional data mining, 

global gene expression analysis is useful in clarifying mechanisms in the molecular 

biology of processes like mammary growth and lactation.  In combination with 

representative cell culture models, microarray analysis will help determine the complex 

interplay of local regulatory factors during mammary growth and differentiation.  The 

opportunity to exercise comparative functional genomics techniques offers further 

potential as a resource for medical research.  Given the importance of cattle as a food 

source, and the growing recognition of the bovine mammary gland as a superior model 

for human breast research, the underlying benefit of these efforts is substantiated.
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The utility of a microarray-based interrogation of BMEC growth and 

differentiation was also considered in the context of the objectives specific to this 

dissertation.  As the primary example, we considered the process of BMEC 

differentiation, particularly the fact that mammary cells undergo significant 

morphological changes independent of and in cooperation with the functional changes 

that traditionally define lactogenesis.  Thus, an important aspect of the mammary gland 

during pregnancy is the regulation associated with these distinct, but interdependent 

events.  Global profiling of the transcriptional regulation during BMEC differentiation 

seemed an efficient way to identify core genes, while simultaneously characterizing the 

synergy between mechanical and biochemical input.  
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Summary and Specific Aims

Developing an understanding of normal regulation of the mammary epithelium is 

an important topic, both because of its relevance to dairy production and breast cancer 

research.  Despite the advancements in these fields, the primary model of reference for 

much of our molecular understanding has been based on research using rodent models.  It 

is important to develop model systems that maintain the genetic integrity of the species, 

without sacrificing the physiological integrity of the tissue.  Furthermore, in the case of 

cattle species, a tremendous void exists in the study of genomic regulation and molecular 

pathways in the control of mammary development, growth and differentiation.  The 

purpose of this dissertation was to advance this understanding by developing and 

improving the necessary resources, and using them to interrogate the system on a deeper 

and more encompassing level.

Specific Aim #1: Establish an in vitro serum-free collagen gel bovine model for studying 

mammary epithelial cell growth and differentiation.  

Specific Aim #2: Develop a tissue-targeted bovine microarray to advance the functional 

genomics effort for this species. 

Specific Aim #3: Characterize global changes in gene expression during structurally and 

functionally critical stages of the mammary epithelial cell.  Use the cell culture system to 

mimic mammary epithelial cell differentiation and obtain a gene expression profile for 
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lactogenesis.  Simultaneously examine the independent and synergistic regulation of in 

vitro lactogenesis by prolactin and the extracellular matrix.  

Specific Aim #4: Use the cell culture system to study mammogenic and morphogenic 

regression by exposure to thermal stress, a relevant environmental factor afflicting 

mammary growth and lactation in dairy cattle.  Characterize the gene expression profile 

by microarray analysis and relate to the structural aspects of the heat shock response.
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CHAPTER TWO:

DEVELOPMENT OF RESOURCES FOR PROMOTING BOVINE 
FUNCTIONAL GENOMICS AND STUDYING GENOMIC REGULATION

OF MAMMARY GROWTH AND DIFFERENTIATION

Introduction

Public awareness of dairy and beef cattle is minimal until the wind blows us an 

odiferous clue, a cow from Canada tests positive for “mad cow disease”, or humans 

develop a recombinant growth hormone that increases milk yield.  Unfortunately, a 

similar situation exists within the scientific community, where bovine functional 

genomics efforts are also minimal.  Considering the importance of bovine health and 

productivity to our global food supply and to the industries that exist because of it, the 

need for a deeper understanding of the molecular mechanisms underlying the cow cannot 

be overstated.  However, the field is lacking in both development and accessibility of 

resources for functional genomics studies.  Thus, it was necessary to develop the tools 

required to undertake our planned research. 

In this regard, we had two objectives, the first of which was to establish a primary 

bovine mammary epithelial cell (BMEC) culture system to provide an in vitro model to 

study regulation of gene expression in BMEC.  The second was to address the need for 

more contemporary bovine functional genomics tools by developing a bovine cDNA 

microarray.  Together, these two resources can provide a global view of the genomic 

regulation of mammary epithelial cell structure and function.
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Methods

Collagen Extraction

Collagen was isolated from rat tail tendons by dissolving at 4 g/L in 0.017 M 

acetic acid.  Tendon-acetic acid solution was mildly agitated by stirring for 48 hours at 4 

C.  Simple purification of the collagen solution was obtained by high-speed 

centrifugation (10,000 x g) at 4 C for 1 hour in fixed-angle rotor (JA-20) using a 

Beckman Coulter high-speed centrifuge (J2 HS).

Tissue Dissociation and Isolation of Epithelial Cells

Primary bovine mammary epithelial cells (BMEC) were isolated from mammary 

gland tissue samples of a multiparous, pregnant (6-7 months), non-lactating Holstein 

dairy cow immediately after necropsy.  The udder was removed from the cow at the 

abbatoir and taken to the laboratory.  The hair was removed from the outer skin of the 

udder and the skin surface was sterilized with betadine solution and 70% ethanol.  A 

scalpel was used to make an incision deep into the parenchyma of the gland and 100 

grams of tissue were aseptically removed and placed in a Storage Medium consisting of 

Medium (M)199 (GIBCO, 11150-059), 100 U or ug/ml penicillin/streptomycin (GIBCO, 

15140-148) and 20 mg/ml gentamycin sulfate (Sigma, G1264).  Samples (10 g) were 

finely minced using standard razor blades; samples were frequently moistened with 

medium during mincing.  Tissue dissociation and epithelial cell isolation closely followed 

the protocol described by McGrath (1987).  Each 10 g sample of minced tissue was 

dissociated in a 500-ml trypsinization flask using 100 ml of “Dissociation Medium” 
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consisting of 0.15% collagenase Type II (Worthington, 4174), 0.075% hyaluronidase 

(Sigma, H-3506), 5% FBS (GIBCO, 16000-044), brought to volume with M199, and 

continuously mixed at 225 rpm using gyratory bench top shaker at 37 C.  Dissociated 

tissue was filtered using 150 um Nitex mesh filter paper to separate the desired organoids 

from the larger pieces containing connective tissue.  Fragments unable to pass the filter 

were resuspended in fresh dissociation medium and returned to shaker, followed by a 

second round of filtration.  All filtrates were spun and cells resuspended in M199 plus 

0.1% DNase I (Sigma, DN-25).  All cell isolates were combined, filtered one last time, 

and resuspended in M199 + 10% FBS.  The epithelial fraction was then isolated by 

carefully layering 1 ml of cell suspension (approximately 7.5 x 107 cells) onto preformed 

40% Percoll (Amersham Biosciences, 17-0891-01) gradients (10.8 ml Percoll:16 ml 

M199:1.2 ml 10X Waymouth’s Medium per tube).  Gradients were preformed several 

hours prior to use by centrifugation at 20,000 x g for 1 hour at 20 C, and stored at 4 C 

until use.  After cells were layered, gradients were spun at 1000 rpm for 10 minutes 

(brake off).  The epithelial cell fraction sedimented to the 1.065 to 1.07 g/cc density 

region.  Epithelial cells were removed by pipet, diluted 1:1 with M199, pelleted and 

resuspended in M199.  Cell density was checked to determine final resuspension volume, 

and cells were resuspended in Freezing Solution (M199 + 10% FBS + 10% DMSO).  

Cells were evenly aliquotted into 1.5-ml cryovials at approximately 1 x 107 cells/ml.  

Following an overnight incubation at –80 C, the cryogenically stored cells were 

submerged in liquid nitrogen for long-term storage.
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Cultures

At the time of culture, the cryovial(s) was thawed in 37 C water bath just long 

enough to enable complete thawing (usually 5-6 minutes).  Cells were pelleted by 

minimum speed centrifugation (approximately 500 x g) and resuspended in chilled 

DMEM/F-12 (GIBCO, 11039-021).  Meanwhile, stock collagen (prepared as described 

above and never older than 3 months at 4 C) was neutralized on ice to an approximate pH 

of 7.4 using a predetermined ratio of 10X Waymouth’s Medium and 0.34 N NaOH.  This 

ratio was chosen from mixtures ranging from 1.5:1 to 2:1, with the most appropriate ratio 

being the one that caused the collagen to gel within 1-5 minutes and maintained an 

osmolality in the range of 290 to 330 mOsm.  A “base” layer (300 ul/well) of neutralized 

collagen was added to 24-well tissue culture plate (Falcon, 353047) and allowed to gel at 

room temperature (2-4 minutes).  The resuspended cells were then added to the remaining 

neutralized collagen and 500 ul of collagen-cell suspension pipetted directly onto the base 

layer in each well.  The second layer will gel, thus leaving the cells/organoids embedded 

within.  Plate(s) were left in the dark at room temperature or in 37 C incubator for 15-30 

minutes.  The appropriate medium was then added to each well, and the plates returned to 

incubator at 37 C, 5% CO2.

cDNA Libraries

Two mammary gland libraries (1517 clones) and one pituitary gland library (828 

clones) were generously provided by Monsanto Company (St. Louis, MO).  Two 

subtracted cDNA libraries comprised the set of mammary clones.   The “Lactating 
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Library” (540 clones) was created by subtracting involuted tissue from lactating tissue.  

The “Involuted Library” (977 clones) was created by performing the reciprocal 

subtraction (involuted minus lactating tissue).  All 1517 mammary gland EST sequences 

were analyzed by BLAST against the National Bovine Functional Genomics Consortium 

EST database at Michigan State University (http://gowhite.ans.msu.edu).  The pituitary 

library was constructed by using a plasmid cDNA library kit (GIBCO, pSPORT system).  

A digestive tract library was constructed in our lab, containing over 1600 sequenced and 

annotated ESTs representative of every GI tract tissue, from esophagus to colon.  

Gene Amplification, Purification and Sequencing

Approximately 4,600 ESTs representing mammary, pituitary and digestive tract 

tissues were amplified directly from the glycerol stock plates by standard PCR protocol.  

A 96-pin tool was used to inoculate small aliquots of each clone from the 96-well 

glycerol stock plates into complimentary 96-well PCR plates containing the appropriate 

PCR master mix.  Forward (T7) and reverse (Sp6) primers were used to amplify insert 

sequences from the mammary and GI tract cDNA library clones, whereas specific 

forward (5’-TGCAGGTACCGGTCCGGAATTC-3’) and reverse (5’-

CGTAAGCTTGGATCCTCTAGAG-3’) primers were used to amplify inserts from the 

pituitary cDNA library clones. Prior to amplification, the PCR reactions were exposed to 

95 C for 5 minutes in order to lyse the cells and expose the plasmid DNA.  Subsequent 

reaction protocol was 1) 94 C denature for 1 min, 2) 55 C anneal for 1 min, 3) 72 C 

extension for 2 min.  Reaction was cycled 35 times, with final extension of 72 C for 10 
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minutes.  PCR products were purified using Millipore 96-well PCR purification plates.  

Single, amplified product was verified by gel electrophoresis.  Purified mammary and 

pituitary sequences were sequenced using their respective forward primers and the ABI 

3730 DNA Analyzer; GI tract sequences were sequenced bidirectionally using T7 and 

Sp6 primers.  The data was subsequently analyzed by BLAST analysis against the public 

EST databases.

Glass Preparation

Gold Seal 75mm x 25mm microscope slides (Fisher Sci.) were loaded into 

stainless steel, 50-position, slide racks (Wheaton).  Fully loaded racks were placed in 

large staining dishes (Wheaton) containing 600 ml of 2M NaOH in 95% EtOH at room 

temperature. After 2 hours of light rotation, racks were removed and placed in a larger 

plastic container with 3 L of Milli-Q 18 MΩ water for a minimum of 10 minutes with 

about 2 minutes of manual agitation. A second rinse, containing 2 L of Milli-Q filtered 

water in a different container, was done for 5 minutes with 2 minutes of manual agitation.  

A final rinse with 1 L of 100% EtOH was done for 5 minutes with 2 minutes of manual 

agitation. Slides were allowed to air dry, overnight, under an aluminum foil tent at room 

temperature (note: relative humidity never exceeded 30%).

Glass coating for cDNA

Clean racks of 50 dust-free slides were loaded into large glass staining dishes and 

placed in 700 ml of 0.2 micron filtered, 2% 3-amino-propyl-trimethoxysilane in 95% 
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EtOH. After 10 minutes at room temprtature under light rotation, racks were immediately 

transferred into 3 L of 95% EtOH.  Coated slides were rinsed as in the Glass Preparation 

sections except 95% EtOH served as the first rinse, 100% EtOH as the second rinse and 

100% EtOH as the third and last rinse.  After last rinse, the slides were allowed to dry 

overnight, under foil tents.  Slides can be stored desiccated for weeks.

Printing cDNA

To prepare working print plates, 15 ul of DNAse- free water at pH 7.6 was added 

to each lyophilized stock clone, foil covered, agitated for 10 minutes and briefly 

centrifuged. After 24-48 hours at 4 C, suspensions were mixed thoroughly and 3 µl of 

each re-suspended amplified clone were transferred to one well in a fresh 384-well plate 

(Whatman) containing 2.5 ul of DMSO. Plates were sealed with foil, mixed and 

centrifuged briefly. Print plates prepared in this manner can be stored for many months at 

4 C, but should be at room temperature when printing. Microarrays were printed (126 

slides per run) on coated slides using a high-throughput robot printer (Bio-Rad) fitted 

with 48 SMP3 split-type pins (Telechem). Relative humidity was set at 47±3% and 

temperature maintained at 27±2 C. The robot was configured to print triplicate spots of 

each clone at a center-to-center printing distance of 200 microns.  After printing, 

microarrays were placed in slide boxes and baked at 90 C for 1.5 hours.  Printed slides 

can be stored desiccated with DriRite for at least 10 months.
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RNA Isolation, Reverse Transcription and Labeling Reactions

RNA isolations from frozen tissue samples or cell culture samples stored in 

RNAlater (Ambion, 1720) were performed using TRIzol Reagent (Invitrogen, 11596-

018) in combination with Phase Lock Gel tubes (Eppendorf, 32005.152).  RNA 

purity/integrity was confirmed by gel electrophoresis.  If amplified RNA (aRNA) was 

desired, ~2 ug total RNA was amplified using a MessageAmp aRNA Kit (Ambion, 

1750). Total or amplified RNA was evaluated by spectrophotometric analysis and gel 

electrophoresis.  Reverse transcription (RT) reactions were performed using the 

EndoFree RT Kit (Ambion, 1740) with a random hexamer primer mix (Integrated DNA 

Technologies, Inc) in the presence of 2 mM amino allyl dUTP.  Purified cDNA was 

labeled either green or red with Molecular Probe’s Alexa Fluor 546 or 647, respectively, 

by incubating in the dark for one hour at room temperature. 

Hybridizations and Scanning

Immediately after labeling, the two samples to be hybridized on the same slide 

were combined and purified using QIAquick purification columns (QIAgen, 28106).  An 

equal volume of 2X hybridization buffer (8X SSC, 60% Formamide, 0.2% SDS) was 

added along with 10 g of Cot-1 DNA and 10 g of poly dA to a final volume of 122 µl. 

The combined sample was hybridized to a microarray slide at 47 C and washed with two 

wash solutions (1X SSC, 0.1% SDS and 0.1X SSC, 0.01% SDS) using a GeneTac 

Hybridization Station (Genomic Solutions, Inc).  Slides were rinsed in 0.1X SSC and 

dried.  To minimize photobleaching during scanning, ProLong anti-fade (Molecular 



63

Probes) was applied to each array and allowed to dry overnight.  Hybridized and 

ProLong-treated microarrays were scanned using a white light/CCD based scanner 

(Applied Precision, Inc) and corrected intensity values determined using spot finding 

analysis software (MolecularWare, Inc).  

Quality Control Tests

Sybr Green I (Biowhittaker Molecular Applications) was applied to a microarray 

slide according to manufacturer’s protocol and scanned.  Cy3-labeled random oligo 9mer 

solution (Operon) was hybridized according to manufacturer’s protocol. A self-self test 

was performed using total RNA isolated from PGE2-treated mammary tissue, reverse 

transcribed and purified as described above.  The cDNA product was then split into two 

equal aliquots and labeled green or red, respectively.  The labeled samples were then 

combined, purified and hybridized.

Experiments to Estimate Array Variance

Experiment I: Two mammary tissue samples (“Treatment” and “Control”) were 

used to prepare labeled target for a “dye-swap” hybridization experiment.  Total RNA 

was used for the cDNA synthesis reactions, and each purified cDNA product was divided 

into 2 aliquots, one labeled green and the other red.  The two hybridizations were 

performed simultaneously in adjacent hybridization chambers.  The first compared the 

green-labeled “Treatment” sample and the red-labeled “Control” sample. The second 

hybridization used the alternately labeled samples.  Experiment II: Primary bovine 
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mammary epithelial cells were cultured in collagen gels, and samples (2 gels per sample) 

were collected at days 5 (120 hours) and 7 (156 hours) from either of two independent 

culture plates.  Each sample was subjected to an acetic acid digestion at 37 C to dissolve 

the gel.  Cells were then collected by centrifugation, washed once with 1X PBS and 

stored in RNAlater at minus 20 C.  Samples were subsequently thawed, and total RNA 

was isolated using TRIzol reagent according to manufacturer’s protocol; RNA was then 

amplified, reverse transcribed and labeled for hybridization as previously described.  

Incomplete Block (Experiment I) or Balanced Incomplete Block (Experiment II) designs 

were analyzed using an ANOVA model, providing a global normalization of arrays.  

Arrays (blocks) were treated as random effects and ANOVA estimates of variance 

obtained.
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Results

Primary culture of bovine mammary epithelial cells (BMEC) in collagen gel 

constructs promoted growth and differentiation in a manner consistent with this cell type 

in native tissue and other cultures described in the literature.  Serum-free medium (SFM) 

supplemented with IGF-1 (100 ng/ml) and EGF (25 ng/ml) induced exponential growth 

in three dimensions, including extensive ductal morphogenesis.  Following this period of 

acclimation and growth, BMEC became functionally differentiated in response to a 

lactogenic complex that included SFM supplemented with IGF-1 (100 ng/ml), 

hydrocortisone (HC) (10 ng/ml) and prolactin (PRL) (100 ng/ml), and release of the 

collagen gel.  Lactogenic response showed many indications of MEC differentiation, 

including ductal-alveolar morphologies, development of the rough endoplasmic reticulum 

(RER) and Golgi, presence of secretory vesicles and lipid droplets, and up-regulation of 

β-casein expression.

Growth and Morphology

For the most part, BMEC demonstrated the ability to acclimate to the collagen gel 

culture system regardless of media or supplements.  Basal media alone was unable to 

induce significant proliferation, whereas addition of IGF-1 (100 ng/ml) and EGF (25 

ng/ml) together greatly enhanced DNA content (Figure 2.1).  Addition of serum (3% 

FBS) enhanced overall proliferation in all conditions tested, but growth curves and rates 

of cell turnover remained comparable in SFM.  After it was established that SFM was 
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Figure 2.1. BMEC DNA content vs. media supplement(s). Effects of 
various media supplements on DNA content in BMEC cultured in collagen 
gels
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sufficient for BMEC proliferation, the appropriate supplements for structural growth 

were evaluated.  At the time of culture (Day 0), the cells existed as small, round clumps 

of cells sometimes referred to as “organoids.”  In SFM, the organoids began to exhibit 

structural projections between 24-48 hours of growth (Figure 2.2, Day 2).  By Day 5, 

extensive ductal networks had formed, with noticeable branching at the ends and a 

general increase in diameter (“thickening”) at the base.  Toward the end of the culture 

period, significant thickening of the ducts had occurred and little, if any, new branching 

could be detected (Day 10).  Generally by day 11 or 12, growth began to plateau (data not 

shown).  The use of histochemical techniques provided a better visualization of BMEC 

structure, and was subsequently used to compare the growth characteristics of IGF-1 and 

EGF (Figure 2.3).  In these cultures, the combination of IGF-1 and EGF consistently 

demonstrated more advanced morphology than IGF-1 alone, although this effect was less 

significant by the end of the culture period.  In addition, IGF-1 alone was less mitogenic 

than IGF-1 and EGF together (data not shown).  

A noticeable trait during this time was the presence of long, thin projections 

extending from the ducts’ ends or from the central body (i.e., the original organoid).  

These structures appeared to be directionally stimulated, as they would grow toward 

other ducts/central bodies, almost as if they were “communicating.”  These structures 

were also observed in lactogenic cultures, where they were visually captured in H & E 

sections (Figure 2.5).  Other groups using collagen gels to culture microvessels, which 

undergo similar extension and branching events, have visualized the same phenomenon 

(Hoying, personal communication).  
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Figure 2.2. Time-course of BMEC morphology. Characteristic morphological 
progression of growing BMEC structures embedded in collagen gels.  Arrows 
indicate early ductal extension (Day 2), branching morphogenesis (Day 5), and 
thickening of the ductal structures with blunt ends (Day 10).  
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Figure 2.3. IGF-1 vs. IGF-1 + EGF:  Time-course of BMEC growth. Time-
course of BMEC morphogenesis during growth in collagen gel cultures using 
serum-free media supplemented with IGF-1 (A-C) or IGF-1 + EGF (D-F).
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Figure 2.4. Comparison of BMEC morphology in collagen: 2004 vs. 1987.  
Comparison of a typical BMEC structure in collagen gel from current research (A) 
and one from an experiment several years earlier using the same culture technique 
(B) (photo adapted from Collier, circa 1987).  
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Differentiation

The ability to induce a lactogenic response was a primary objective of this cell 

culture system.  A lactogenic hormone combination in SFM was used to stimulate MEC 

differentiation; however, in order to be complete the treatment required a mechanical 

stimulus referred to as “gel release”.  In order to evaluate this response, BMEC cultures 

were grown for 6 days using the regular growth medium (SFM plus IGF-1 and EGF), at 

which time the culture was switched to lactogenic medium and the gel was released, 

collectively referred to as the “lactogenic complex.”  Morphological differentiation was 

highlighted by formation of alveoli with central lumens (Figure 2.5a).  Cross-sections of 

whole gels stained with H & E revealed the three-dimensional nature of the alveolar 

structures (2.5b).  Electron micrographs revealed well-developed RER and Golgi, lipid 

droplets, and numerous secretory vesicles (Figure 2.6).  The lactogenic response was 

further evidenced by Real-Time PCR analysis that showed β-casein expression was up-

regulated during the differentiation period (Figure 2.7).

Global Gene Expression

In collaboration with the Genomics Research Laboratory at the University of 

Arizona, we have successfully printed and tested a bovine microarray containing 

approximately 4,600 cDNA sequences representing mammary, pituitary and digestive 

tract tissues.  The utility of the array was validated through multiple quality control tests 

and experimental data.  In conjunction with this project, protocols were validated for 
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a b

Figure 2.5. H & E cross-sections of alveoli in culture. H & E stains of bovine 
mammary epithelial alveoli embedded in collagen gel and stimulated using a 
lactogenic complex; three-dimensional nature of the lumen is confirmed here by cross 
sections along both the horizontal (a) and vertical (b) axes.
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Figure 2.6. Electron micrograph of the differentiating MEC.  Shows the telltale 
curling of the collagen fibrils (A) when the gel is released.  In addition, the size of the 
lipid droplets (B) increases dramatically as well as the number of secretory vesicles 
(C)
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Figure 2.7. ββββ-casein expression during differentiation. RT- PCR 
quantification of β-casein expression in early BMEC collagen gel cultures 
stimulated to differentiate; RT-PCR methodology and primer sequences 
described in Chapter 3
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RNA isolation and amplification, reverse transcription, dye labeling and hybridization.  

In the first two studies using this microarray, successful hybridizations were performed 

using bovine mammary samples originating from both in vivo and in vitro sources.  Our 

preliminary results suggested consistency and reproducibility among hybridizations, 

providing confidence in our ability to produce robust microarray results with minimal 

extraneous (non-genetic) sources of variation (see next 2 sections).  Since this time, 

numerous groups have utilized the array, and tissue sources have included bovine tissue 

from the mammary gland, pituitary, skeletal muscle and others.  In continued support of 

this publicly available resource, a database and fully functional website were developed 

and can be accessed at http://amadeus.biosci.arizona.edu/bovine.

Preliminary Tests

Three quality control tests were conducted to evaluate print success, spot 

morphology and hybridization competency.  A “SybrGreen” test confirmed that the DNA 

correctly attached to the slides during the print, and verified the spot morphology as 

being consistently smooth and circular, as desired.  The second test confirmed that the 

attached DNA (“probe”) was capable of hybridizing labeled nucleotides (“target”), which 

in this case were Cy3-labeled random oligo 9mers.  Lastly, the “self-self” test verified 

hybridization competency using samples prepared in our lab and helped establish a 

subjective standard for differential dye intensity, or “dye bias.”  Although the latter 

conclusion is somewhat experiment-specific and based largely on visual inspection, it is a 

comforting indicator that dye-bias should not be a major problem in our arrays.
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Estimates of Variance

Following the preliminary quality control tests, the two experiments outlined in 

Table 2.1 (as described in Methods section) were conducted to obtain rough estimates of 

variance and determine if the amount of variation due to the array itself was within 

acceptable limits (results presented in Table 2.2).  The two arrays from Experiment I, 

arranged in an incomplete block design on dye and treatment, were analyzed using the 

statistical package “R”.  Rough estimates of array variance (confounded with dye 

variance) and total variance were calculated, with array variance equal to 4.1 x 10-7, total 

variance equal to 0.4175, and a mean absolute difference between treatment groups of 

1.02 (natural log scale).  The second experiment followed a simple loop design and was 

analyzed with the three samples arranged in a balanced incomplete block design.  An 

estimate of the random array variance was 0.03.  In each experiment, estimates of array 

variance contributed to less than 11% of the total variance in expression, indicating 

consistent performance of the arrays.



77

A B

1

23

EXPERIMENT I

Sample Type Treatment RNA Hybridization Scheme

A Tissue PGE2 (875 ug/quarter, 1X) Total

B Tissue Control (MCT oil) Total

EXPERIMENT II

Sample Type Timepoint (Plate) RNA Hybridization Scheme

1 Cell Culture 120 hours (Plate 1) Amplified

2 Cell Culture 156 hours (Plate 1) Amplified

3 Cell Culture 120 hours (Plate 2) Amplified

Table 2.1.  Experimental design for hybridizations to generate estimates of 
variance within the newly developed bovine 4.6K array
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0.02945

0.27854

10.6%

4.1 x 10-7

0.4175

9.8 x 10-5 

Array Variance

Total Variance

% of Total

Expt. IIExpt. I

Table 2.2.  Estimates of variances for the bovine 4.6K microarray
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Discussion

Embedded in a three-dimensional collagen gel matrix, primary bovine mammary 

epithelial cells (BMEC) respond to mammogenic and lactogenic treatment, demonstrating 

structural and functional integrity of the native tissue.  Parameters for designing 

appropriate media within this system were established based on two preliminary 

requirements, including 1) using near-physiological concentrations of the supplements 

and 2) using serum-free media (SFM).  In fact, both of these were previously reported as 

advantages of using the collagen gel cell culture system.  The ability to use SFM is a 

major benefit for research in which the samples collected will be used for microarray 

analysis.  Microarray studies generate vast amounts of data and inherently contain 

extraneous information.  Undefined, conditioned media presents many more factors to the 

cells, which can confound interpretation.  In our culture system, SFM containing 

supplements within their physiological ranges stimulated BMEC growth and 

differentiation in a manner comparable to that obtained using serum.    

The combination of IGF-1 (100 ng/ml) and EGF (25 ng/ml) stimulated BMEC 

mammogenesis in terms of cell number and structural development.  The use of IGF-1 

was determined to be a better option than its in vitro alternative, insulin, as it was able to 

support cell survival and growth at physiological levels.  Several reports on the 

mammogenic capacity of EGF in cell culture systems warranted its consideration (see 

Chapter 1), although TGF-α, which acts through the same receptor as EGF, was also 

considered.  In our cultures, TGF-α did not appear more mitogenic than EGF (Figure 2.1) 

and no developmental benefits were detected over EGF.  Furthermore, it was reported 
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that IGF-1 and EGF act synergistically to induce MEC growth and development in 

culture (Woodward et al., 2000).  This effect was confirmed in our cultures, as the 

addition of EGF and IGF-1 together enhanced the DNA content (Figure 2.1) and 

advanced the morphological development (Figure 2.3), as compared to IGF-1 alone.  

Together, these results suggest the presence of IGF and EGF receptors, and the 

maintenance of their native signaling pathways in BMEC cultured in collagen.  In 

addition, it reaffirms the direct effects of IGF-1 and (or) EGF-related peptides on MEC 

proliferation and ductal morphogenesis.

The methodology used to induce lactogenesis was based largely on personal 

communication with some of the original authors and co-workers from the early BMEC 

collagen gel culture studies.  Prolactin (PRL) is the major lactogenic factor both in vivo

and in vitro, and was therefore always included in the media formulations.  

Hydrocortisone (HC) was also known to surge during in vivo lactogenesis, and numerous 

reports that it stimulated RER development and was required for β-casein expression in 

vitro, necessitated its inclusion.  Maintaining these two supplements at physiological 

levels was not a concern, as high doses actually inhibit the lactogenic response (Collier, 

personal communication).  Regarding the two growth factors, it was determined the IGF-

1 was more appropriate during the lactogenic culture phase, as it could stimulate the 

insulin receptor.  This would potentially be important for glucose uptake, which would 

provide the precursor for lactose synthesis.  Indeed, insulin had been the third essential 

hormone in early lactogenic studies using MEC cultures.  Furthermore, there are reports 

suggesting that EGF might be inhibitory to the process of milk synthesis and (or) 
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secretion by MEC in vitro (Spitzer et al., 1995).  Taken together, the combination of IGF-

1, HC and PRL theoretically provided an effective hormonal stimulus.  The importance 

of “releasing the gel” was evident from the literature and personal communication as 

well.  Gel release attenuates growth, regardless of media conditions, whereas it 

significantly enhances differentiation in the presence of lactogenic media.  The 

suggestion that “floating” collagen gel cultures were ideal for studying differentiation, 

whereas attached gels were more suitable for studying growth and morphogenesis, was a 

manifestation of this.  One disadvantage of the “floating gel” strategy was that culturing 

cells in (on) gels that were released at the start of culture restricted the characteristic 

morphological development illustrated in the current culture system (also see McGrath, 

1987).  Therefore, the current methodology employed each level of stimulation in order 

to accomplish both phases, 1) the mammogenic phase, marked by proliferation and ductal 

networking, and 2) the lactogenic phase, marked by alveolar morphogenesis and 

functional differentiation.  In addition to visual confirmation of the lactogenic changes 

that occurred in response to treatment (data not shown), electron microscopy (Figure 2.6) 

and Real-Time PCR analysis of β-casein expression (Figure 2.7) provided unequivocal 

evidence of differentiation.  The ability to induce both events in the same culture 

essentially provides a unique opportunity in which to study the transition of MEC from 

growth to differentiation.  It also establishes that BMEC isolated from an intact udder 

during pregnancy can sustain cryopreservation and retain the capacity to proliferate, 

organize and develop morphologically, and selectively transition into a functionally 
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differentiated state.  In conjunction with a bovine microarray, the changes in gene 

expression during these stages will hopefully be elucidated.  

Microarray technology is no longer the enigma it was in the early 1990’s when 

the first microarray “robot” was being constructed at Stanford.  Today, the necessary 

equipment is readily available for purchase, with an instruction manual to guide the way.  

Commercial companies provide a multitude of product lines that make the lengthy, step-

wise process little more than a matter of consistent, reproducible human robotics.  

However, microarray development still requires more than technical aptitude.  Creating 

cDNA libraries, preparing sequences for printing on the glass slides, optimizing surface 

chemistry, obtaining ideal spot morphology, generating and preparing samples, 

determining the appropriate hybridization parameters and wash procedures all require 

strategic forethought and thorough evaluation; all of these things remain as potential 

pitfalls in the developmental process, and likely include one or more of the reasons why 

microarray data continues to demonstrate concerning levels of variability and 

reproducibility.  Even with success in all of these areas, the most intensive part of 

microarray analysis comes after the experiment, when all the effort is for naught without 

the appropriate data management and statistical analysis tools.  Two years of 

optimization and quality control resulted in a resource that enabled us to undertake the 

planned research.  A quick evaluation demonstrating less than 11% of the total variation 

due to array variance confirmed the success of the microarray under actual experimental 

conditions.  Completion of preliminary quality control experiments indicates consistency 
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and reproducibility among hybridizations, providing confidence in our ability to produce 

robust microarray results with minimal extraneous (non-genetic) sources of variation.

Taken together, these two resources provide an opportunity to take an in depth 

look at mammary development.  The cell culture system offers the ability to interrogate 

BMEC regulation and the mechanisms mediating the numerous signals involved in 

growth, differentiation and regression.  Developing a better molecular understanding of 

these mechanisms will be an important step in delineating the processes of mammary 

development, lactation, and breast cancer.  In addition, the microarray offers 

opportunities beyond functional genomics of the mammary gland.  With nearly 1,000 

pituitary-derived ESTs and almost 2,000 digestive tract ESTs, studies are already being 

conducted to evaluate similar parameters within these other tissues.  The pituitary gland 

is of particular interest because of its intimate relationship with the mammary gland as 

the primary source of PRL and growth hormone.  These and other studies will hopefully 

represent a significant advance for bovine functional genomics.
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CHAPTER THREE:

GENOMIC REGULATION OF DIFFERENTIATING BOVINE MAMMARY 
EPITHELIAL CELLS

Introduction

The process of mammary epithelial cell (MEC) differentiation, known as 

lactogenesis, depends upon major changes in the extracellular milieu of mammary tissue.  

In dairy cattle, this process is important for preparing the gland for the upcoming 

lactation, and thus, a successful and profitable period of milk production.  Our current 

understanding of lactogenesis remains minimal, especially at the molecular level.  

Animal trials have proven somewhat limited due to significant animal variation, as well 

as difficulty in clarifying the independent effects among the plethora of systemic and 

local regulatory factors.  Rodent models have provided a great deal of information, but 

physiological and genetic differences with the bovine put constraints on extrapolation of 

this data.  Traditional cell culture methods have also been limiting, largely due to the 

inability to achieve morphological differentiation and induce a typical secretory response.  

To this end, the technique of culturing primary bovine (B)MEC in collagen gels has been 

met with great success, in part by accomplishing the desired morphological 

differentiation (e.g., ductal-alveolar development).  In addition, functional differentiation 

is achieved, resulting in milk component synthesis and in some cases, secretion into a 

central lumen.  

The current study employed the collagen gel system, using serum-free medium 

(SFM) supplemented initially with growth factors to induce proliferation and ductal 

elongation, followed by a lactogenic complex to induce differentiation.  The lactogenic 
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treatment induced all aspects of MEC differentiation including functionally relevant 

changes in gene expression, ultrastructural changes, and synthesis of milk proteins and 

lipid droplets.  Despite an otherwise convincing secretory response, evidence of actual 

secretion into the alveolar lumen was elusive and inconsistent.  In order to better 

understand the lactogenic process and possibly determine what, if anything, is limiting 

the BMEC secretory response in vitro, a 4600-cDNA bovine microarray was used to 

profile genomic regulation during BMEC differentiation.  In particular, the contribution 

of prolactin (biochemical) and “gel release” (mechanical) to the lactogenic response was 

evaluated.  

Structural analysis of the cultures revealed morphogenic development 

representative of ductal growth and branching during the initial (mammogenic) portion of 

the culture period.  Upon subsequent stimulation with the lactogenic complex, ductal 

growth and branching was attenuated and alveolar morphogenesis ensued, resulting in the 

formation of alveoli with a central lumen.  Ultrastructural changes characteristic of the 

Secretory Initiation Phase in lactogenesis included well-developed rough ER and Golgi, 

basolaterally shifted nuclei, and numerous secretory vesicles and lipid droplets.  Analysis 

of gene expression indicated a major shift in genomic regulation, as several genes 

associated with milk synthesis and secretion were up-regulated and genes associated with 

ductal growth and branching morphogenesis were down-regulated.  Further examination 

of the independent effects of prolactin and gel release revealed the extensive 

transcriptional responsiveness of BMEC to each treatment.  Gel release alone stimulated 

milk production genes including β-casein, α-lactalbumin and xanthine oxidoreductase 
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(XOR), in addition to its anticipated effects on genes involved in cell-cell and cell-ECM 

interactions.  Interestingly, microarray analysis suggested that gel release was stimulating 

prolactin gene expression, which may have contributed to its lactogenic influence.  

Prolactin (without gel release) affected a wide variety of genes outside of those 

commonly associated with milk synthesis.  For genes significantly co-regulated by PRL 

alone and gel release alone, the changes in expression were almost always the same (i.e., 

positive or negative for each).  However, a general lack of synergy was observed, as 

many of these co- regulated genes were not significantly affected when the two 

treatments were combined (PRL + gel release).  These results indicate the powerful 

genomic regulation associated with each component of the lactogenic complex, while 

simultaneously suggesting that perhaps a much smaller subset of those genes are essential 

to MEC differentiation.  In addition, trends in the microarray data clarified distinct 

programs of genomic regulation that help demonstrate the coordination between 

biochemical and structural signals during differentiation.
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Methods

Cell Cultures and Sampling

Tissue dissociation and epithelial organoid isolation was performed according to 

the protocol described in Chapter 2.  Cells were thawed and cultured using a slightly 

revised protocol.  Cells were transferred to a single 15-ml tube, diluted 1:1 with 

DMEM/F-12, spun for 4-5 minutes at minimum speed and resuspended in 500 ul 

DMEM/F-12.  Cell suspension was then ready to be added to the neutralized collagen 

solution.  Stock collagen was obtained from rat-tail tendons as previously described in 

Chapter 2, however, a revised approach to neutralizing the stock collagen was employed.  

Using improved techniques as described by Deeks, et al (1988), stock collagen was 

neutralized using a mixture of 10X HBSS and 0.34 N NaOH (10:9) at a ratio of 2 ml per 

8 ml of collagen.  Prior to adding cells, a “base” layer of 300 ul collagen per well was 

added to the culture plate(s) at room temperature.  Resuspended cells (suspended in 500 

ul DMEM/F-12) were added to the remaining neutralized collagen solution at this time 

and kept on ice until the base layer “gelled” (2-4 minutes); 500 ul/well of the collagen-

cell suspension was then pipetted (slowly) over the top of the base layer and allowed to 

gel for 20-30 minutes at room temp or in the incubator (37 C, 5% CO2).  Media was then 

added directly to culture at 500 ul/well.  Primary BMEC were cultured in serum-free 

medium (SFM) using IGF-1 (100 ng/ml) and EGF (25 ng/ml) for growth, and IGF-1, 

hydrocortisone (HC, 10 ng/ml) and prolactin (100 ng/ml) for differentiation.  Cells were 

cultured for growth for 8 days to allow proper development of the ductal network, at 

which time they were switched to one of four media treatments: A) “Reference” = IGF-1 
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+ HC, B) “PRL” = IGF-1 + HC + PRL, C) “Gel” = IGF-1 + HC + gel release, and D)

“BOTH” = IGF-1 + HC + PRL + gel release.  Samples were collected prior to treatment 

(0h), and at 1, 6, 24 and 48 hours for each group (A, B, C and D).  The entire culture was 

repeated four times to generate biological replicates. Upon completion, samples were 

pooled within Treatment, generating 4 biological replicates each for “A, B, C and D” for 

microarray analysis.  A biological replicate, therefore, was a pool representing each of the 

four timepoints (1, 6, 24 and 48h), randomly chosen (within Treatment) from any of the 4 

cultures.

RNA Isolation, Amplification, Reverse Transcription and cDNA Labeling Reactions

Total RNA was isolated from cell culture samples using TRIzol Reagent 

(Invitrogen) following published protocol with slight modifications.  For precipitation, 

only half of recommended volume of isopropanol was used, with the other half being 

replaced with salt solution (0.8 M sodium citrate, 1.2 M NaCl).  RNA concentration, 

purity and integrity were confirmed on the Agilent 2100 BioAnalyzer, as well as 

spectrophotometrically (SmartSpec 3000, Bio-Rad).  Approximately 2 ug of total RNA 

was amplified using the MessageAmp II aRNA Kit, and evaluated on the BioAnalyzer.  

Reverse transcription (RT) reactions were performed using the EndoFree RT Kit with a 

random hexamer primer mix (Integrated DNA Technologies, Inc) in the presence of 2 

mM amino allyl dUTP.  Purified cDNA was labeled either green or red with Molecular 

Probe’s Alexa Fluor 555 or 647, respectively, by incubating in the dark for one hour at 

room temperature. 
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Hybridizations and Scanning

Immediately after labeling, the two samples to be hybridized on the same slide 

were combined and purified using QIAquick purification columns (QIAgen).  An equal 

volume of 2X hybridization buffer (8X SSC, 60% Formamide, 0.2% SDS) was added 

along with 10 ug of Cot-1 DNA and 10 ug of poly dA to a final volume of 122 ul. The 

combined sample was hybridized to a cDNA microarray containing approximately 4,600 

ESTs representing bovine mammary, pituitary and digestive tract tissues, developed in 

collaboration with the Genomics Research Laboratory.  Hybridization was conducted at 

47 C and the slides were subsequently washed with two wash solutions (1X SSC, 0.1% 

SDS and 0.1X SSC, 0.01% SDS) using a GeneTac Hybridization Station (Genomic 

Solutions, Inc).  Slides were rinsed in 0.1X SSC and dried.  To minimize photobleaching 

and enhance slide preservation, DyeSaver2 (Genisphere) was applied to each array and 

allowed to dry in the dark for no less than 1 hour.  Slides were scanned using the 

arrayWoRxe CCD scanner (Applied Precision, Inc) and raw intensity values determined 

using softWoRx Tracker v2.2 spot finding analysis software (MolecularWare, Inc).

Data Analysis and Clustering

The microarray data analysis approach we have implemented is based on fitting 

spot intensity values to a linear ANOVA model. A number of recent reports have 

endorsed the ANOVA-based approach as a valid and powerful means for examining the 

usually noisy microarray data. We have specifically implemented in our computations the 

ANOVA model developed and described in a series of reports by Gary Churchill’s 
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laboratory.  Technically, we implement a linear ANOVA model with partitioned error to 

accommodate replications in printed spots. All data is transformed using the Linlog 

variance stabilization method, which utilizes a linear transformation at low intensities 

where additive error is dominant and a log transformation at high intensities where 

multiplicative error is dominant.  Data is then normalized for intensity and array position 

(column and row) by a lowess regression prior to fitting to the linear ANOVA model (see 

Appendix D for additional information).  Genes were clustered across treatments by 

standard hierarchical clustering using SAS, with Ward’s minimum variance as the metric.

Real-Time PCR

Isolated total RNA was pooled using the same samples and pooling scheme as for 

the microarray experiment, and all (n = 4) of the biological replicates for each group (A, 

B, C, D) were used in the analysis.  One microgram of total RNA was DNase-treated at 

room temperature for 15 minutes in 10 ul reactions containing 0.5 U of DNase I 

(amplification grade, Invitrogen).  EDTA was added to a final concentration of 2.5 mM 

and the DNase was inactivated at 65 C for 15 min.  Resulting RNA was used for cDNA 

synthesis (20 ul reactions) using iScript cDNA Synthesis Kit (Bio-Rad, 1708891).  

Analysis was conducted using the iCycler IQ Real-Time PCR Detection System (Bio-

Rad).  Both GAPDH and HPRT1 were used as internal control genes following standard 

curve analyses across all treatment group samples (S18 was also evaluated).  GAPDH 

was used initially, and represents the housekeeper in all of the RT-PCR conducted as a 

preliminary validation of microarray data.  HPRT1 was later determined to be more 
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appropriate, and was subsequently used for the time-course analysis of β-casein and α-

lactalbumin expression.  Primer sequences are listed in Appendix C.  Resulting gene 

expression data was calculated using the 2-∆∆CT method (for review, see Livak and 

Schmittgen, 2001).  

Electron Microscopy

Electron microscopy (EM) was conducted in collaboration with David Bentley at 

the EM Core Facility (University of Arizona).  Micrographs were used to obtain 

information about the ultrastructural changes associated with lactogenic stimulation in 

cultured bovine mammary epithelial cells.  Samples were collected following the 48-hour 

treatment period and fixed using 1% formaldehyde, 3% glutaraldehyde in 0.1 M 

cacodylate buffer at pH 7.4.  Samples were postfixed 1.0% osmium tetroxide, dehydrated 

in EtOH and embedded in Epon resin.  Sixty nm sections were observed using a JEOL 

100 CX II Transmission Electron Microscope (Japan Electron Optical Laboratories).



92

Results

In order to complete the study objectives, cultures were repeated four times to 

account for variation.  Following the initial period of uniform growth and development, 

cultures were randomly switched to one of 4 treatments (Table 3.1).  Structural data was 

based on samples collected from at least 2 of the 4 cultures, and unless otherwise noted, 

pictures correspond to the 48-hour timepoint; selected pictures were chosen to be 

representative of the majority phenotype.  All gene expression data was based on samples 

from all four cultures (i.e., four biological replicates), and each sample used for 

microarray analysis represents a pool of the 4 sample times (1, 6, 24 and 48 hours).  With 

the exception of Figure 3.10, all gene expression changes were relative to the 

“Reference” sample (e.g., any one of the 4 “Reference” biological replicates is an equally 

proportionate pool of a 1, 6, 24 and 48 hour sample group).  For Figure 3.10, samples 

from each timepoint were kept separate, and fold-change expression levels were relative 

to the “t0” sample (see Table 3.1).

Structure

Bovine mammary epithelial cells (BMEC) grew into ductal structures under the 

influence of IGF-I and EGF.  Individual cells were undifferentiated containing mostly 

polysomes with little rough endoplasmic reticulum (RER), no evidence of polarity and no 

evidence of secretory products (Figure 3.1).  The switch of this tissue to media containing 

IGF-I and HC (Reference) caused an increase in RER indicating that 
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Table 3.1.  Treatments groups, media conditions and samples

Treatment Label Supplement(s) Sampled Timepoints
N/A "t0" IGF-1 + EGF 0 hrs

A "Ref" IGF-1 + HC 1, 6, 24, 48h (pooled)

B "PRL" IGF-1 + HC + PRL 1, 6, 24, 48h (pooled)

C "GEL" IGF-1 + HC + gel release 1, 6, 24, 48h (pooled)

D "BOTH" IGF-1 + HC + PRL + gel release 1, 6, 24, 48h (pooled)
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individual ribosomes had attached to the ER (Figure 3.2).  For attachment to occur, the 

mRNA must be partially transcribed.  Evidence from the Real-Time PCR analysis 

indicates that some of this message coded for bovine β-casein.  The addition of prolactin 

(PRL) to the culture medium (Treatment B) increased the number of lipid droplets and 

secretory vesicles (Figure 3.3).  Release of the collagen gel from the sides of the culture 

vessel (Treatment C) induced limited formation of lipid droplets and secretory vesicles 

(Figure 3.4).  In addition, the collagen fibrils, which anchor the epithelial cells, displayed 

curling and coiling as the collagen gel contracted.  Presumably, this contraction was 

associated with alteration in shape of individual mammary epithelial cells since it has 

been demonstrated that they cannot differentiate unless the gel is released, and this is 

associated with increased polarity of the epithelial cells.  With the addition of PRL and 

gel release together (Treatment D), the size of lipid droplets increased dramatically, as 

did the number of secretory vesicles (Figure 3.5).  In addition, the full lactogenic 

complex induced the formation of alveoli with large, distended lumens, as described in 

Chapter 2 (Figure 2.5).

Gene Expression

Based on results of the structural data, samples from the cultures were prepared 

for microarray analysis using the hybridization scheme shown in Figure 3.6.  

Approximately 3,840 (~83%) of the 4,600 ESTs printed on the array were detected (>1 

SD above background with at least 50% of the spots accounted for).  Using the analysis 

procedure described in the Methods section, spots associated with 308 (~8%) ESTs were 
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2 um

Figure 3.1. Growing BMEC. Ultrastructural characteristics of growing BMEC; 
centrally located nuclei, abundant polysomes in the cytoplasm (A), tight juctional 
complexes between cells (B) and mitochondria (C) in the cytoplasm
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B

A

C

1 um

Figure 3.2. Reference treatment. Ultrastructural response to Reference treatment 
(IGF-1 + HC); increase in rough endoplasmic reticulum (A), and appearance of 
secretory vesicles (B) and vacuolation of the cytoplasm (C)
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B

A

2 um

Figure 3.3. Treatment B (addition of PRL).  Ultrastructural response to 
Treatment B (addition of PRL); increase in the number of secretory vesicles (A) 
and lipid droplets (B) 
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A

0.5  um

Figure 3.4. Treatment C (gel release).  Ultrastructural response to Treatment C 
(gel release); releasing the gel from the sides of the culture chamber results in 
contortion of the collagen attachment fibers of the cells (A).
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A

C

2 um

Figure 3.5. Treatment D (PRL and gel release).  Ultrastructural response to the 
“full lactogenic complex”, Treatment D (addition of PRL and gel release); shows the 
telltale curling of the collagen fibrils (A) when the gel is released.  In addition, the size 
of the lipid droplets (B) increases dramatically as well as the number of secretory 
vesicles (C)
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Figure 3.6. Hybridization scheme: Differentiation study.  For each Treatment 
group (A,B,C,D), the 4 biological replicates were randomly assigned to the 4 
hybridizations (arrow = 1 hybridization)
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considered differentially expressed (p < 0.05) in samples from Treatments B, C and D.  

Subjective selection criteria were subsequently applied, reducing the list to 188 

meaningful genes (see Appendix A).  First, any EST with a representative spot mean 

intensity value considered too low to be reliable was removed (n = 30).  While the 

preceding step was done as a permanent deletion, the other three stages of selection were 

temporary, as the possibility exists that they could represent novel or functionally 

indistinct genes.  Thus, the second step temporarily removed any EST for which we did 

not have an existing sequence in our database (n = 42).  Thirdly, those ESTs with 

ambiguous annotations (e.g. “cDNA clone”, “ORF”, or “genomic”) were removed (n = 

25).  Lastly, there were 19 sequences returned by BLAST analysis with “No Hits Found.”  

The entire selection process resulted in 188 unambiguously annotated ESTs, which in 

turn were further processed by clustering analysis, functional annotations and various 

organizational strategies.  Cluster analysis separated the differentially expressed genes 

into 13 groups based on similar expression patterns across treatment groups.  Mean-

centered and unit-normalized data was used to calculate cluster means, which were then 

plotted relative to treatment (Figure 3.7).  The list of 188 differentially expressed genes 

(as presented in Appendix A) was divided into three groups, 1) consistently up-regulated, 

2) consistently down-regulated, or 3) regulated in both directions (by different 

treatments).  A distribution of the genes from the first two groups, according to effective 

treatment(s), is presented in Figure 3.8.
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Figure 3.7. Cluster means from Differentiation study.  Each graph represents the 
average of the mean-centered, unit-normalized expression values for all genes 
within the cluster; thus, y-axis is the relative expression level (after unit 
normalization), centered around the mean (0).
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Figure 3.9. Real-Time vs. microarray expression data. Comparison of 
expression values between microarray data and Real-Time PCR, separated into 3 
charts corresponding to Treatments B (Prolactin), C (Gel Release) and D (PRL + 
Gel Release).  The y-axis represents relative expression, with all data having been 
mean-centered and unit-normalized.
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Preliminary validation of the microarray data was estimated by performing Real-

Time PCR on a small subset (n=9) of genes.  For the comparison between Real-Time and 

microarray data, all four biological replicates were used to generate the Real-Time data, 

and the resulting mean was ultimately used for the comparative analysis.  Figure 3.9 

shows the mean-centered, unit-normalized expression data from the Real-Time versus 

microarray comparison for each gene analyzed.  

Real-Time PCR analysis was also used to evaluate the temporal regulation of β-

casein and α-lactalbumin gene expression in response to Treatments C and D (Figure 

3.10).  Initially, only Treatment D samples were going to be analyzed in this manner, 

however, the observation that gel release alone appeared to have lactogenic effects 

prompted us to include Treatment C samples as well.  Relative transcript levels were 

determined for the major time points (0, 6, 24 and 48 hours).  The vast majority of 

transcriptional activity for β-casein occurred between 24 and 48 hours of stimulation, and 

gel release alone (Treatment C) induced a 65-fold increase in β-casein mRNA, compared 

to a 280-fold induction in response to PRL + gel release (Treatment D).  A similar profile 

was observed for α-lactalbumin expression, albeit of less magnitude.  Gel release 

stimulated a significant increase in α-lactalbumin transcript level, and appeared to 

activate its expression earlier than did Treatment D.  Collectively, these results indicate a 

dramatic, but latent activation of two major proteins involved in milk synthesis and 

secretion.  Furthermore, gel release alone appears to be capable of inducing a prominent 

lactogenic response.
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Figure 3.10. ββββ-casein and αααα-lactalbumin expression: Treatments C and D. Real-Time 
PCR analysis of two major milk proteins in response to gel release (Treatment C) or the 
full lactogenic complex (Treatment D), evaluated at select time points over the course of 
the differentiation period in vitro
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Discussion

The requirement of prolactin to induce in vitro lactogenesis using mammary cell 

cultures is well documented (Topper and Freeman, 1980; Vonderhaar and Ziska, 1989; 

Borellini and Oka, 1989).  In bovine mammary explants, insulin promoted cell survival, 

hydrocortisone (HC) altered MEC cytology, but only the addition of PRL induced milk 

synthesis (Collier et al., 1977).  Collectively, these studies suggested the potentially 

lactogenic effects of PRL span a wide range of cellular events, including 1) milk protein 

gene expression, 2) alveolar proliferation and 3) morphology (lumen development), 4) 

ribosomal and tRNA accumulation, 5) ion transport and 6) passive permeability, 7) the 

calcium-calmodulin system and 8) cytoskeletal-ECM activities (for latter, see Zoubiane 

et al., 2004).  In the current cultures, the addition of PRL (Treatment B) increased the 

number of secretory vesicles and lipid droplets, confirming its lactogenic effects.  In 

addition, gene expression data indicated that PRL was involved in transcriptional 

regulation of more genes that any other treatment, thus supporting its potential 

involvement in a wide range of cellular activities.  

While prolactin’s role in lactogenesis was well established, when MEC began to 

be cultured on collagen, it was quickly determined that even with the appropriate 

hormones, the maximal lactogenic response required detachment of the collagen gel, or 

“gel release.”  The dynamic coordination between physical and biochemical signals, and 

the relationship between the extracellular matrix (ECM) and MEC gene expression was 

hypothesized several years ago by Bissell et al (1982).  Since this time, numerous reports 

have demonstrated the importance of cell-ECM interactions during mammary 
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development and differentiation.  In our cell culture system, release of the collagen gel 

(Treatment C) indeed represents a major biomechanical source of stimulation, and the 

collective changes in gene expression highlight this.  Interestingly, this stimulus also 

induced a number of transcriptional changes associated with MEC functional 

differentiation, even in the absence of prolactin.

Addition of prolactin and “gel release” together (Treatment D) produced the most 

complete lactogenic phenotype.  This was evidenced by basolateral shifting of the 

nucleus, dramatically larger lipid droplets, and increased Golgi as well as secretory 

vesicles and casein micelles, all trademarks of in vivo lactogenesis.  This result was 

expected, as removal of either stimulus is known to limit differentiation of BMEC in 

collagen gels.  Collectively, the structural data from these cultures suggested distinct and 

varying degrees of BMEC differentiation in response to hormonal, structural, or complete 

(both) lactogenic stimulation.  Consequently, these cultures were used to interrogate the 

associated changes in gene expression.  The primary goal of the data mining efforts 

following microarray analysis was to clarify the manner in which PRL and gel release 

regulated gene expression (independent, cooperative, additive, antagonistic, etc.).  In 

order to do this, the focus was placed on the genomic patterns and trends demonstrated in 

Figures 3.7 and 3.8.  

Concentrating first on Figure 3.8, gene expression can essentially be divided into 

one of three programs.  First, there are the genes regulated by PRL and (or) gel release 

(“PRL” and “GEL”, respectively), but not by differentiation (“BOTH”).  The second 

program represents genes regulated by PRL and (or) gel release that also appear to be 
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involved in differentiation.  Thirdly, there are those genes that seem to be regulated 

exclusively by the differentiated phenotype, and not by the independent hormonal (PRL) 

or structural (gel release) signals.  Using this scheme, each program was further evaluated 

by examining the cluster analyses and finally, the type of genes present in each group.

The genes of the first program are identified in Figure 3.8 as the portions of the 

“PRL” and “GEL” circles that do not overlap anything else, or overlap each other.  These 

groups likely represent superfluously regulated genes that are not critical to BMEC 

differentiation.  The section representing genes shared by PRL and gel release comprised 

a proportionately large number of genes (n = 45).  The fact that these 2 treatments co-

regulated (both activated or both repressed) so many genes is likely due to the fact that 

they both involve the cytoskeleton and adhesion complexes.  In fact, Zoubiane and co-

workers (2004) reported on the cytoskeleton’s role in PRL-dependent MEC 

differentiation.  Furthermore, PRL and gel release each up-regulated mRNA 

representative of the prolactin precursor, suggesting that gel release might lead to 

prolactin synthesis and secretion, which would also explain an overlap in genomic 

regulation.  As aforementioned, it seems likely that the genes included in this group do 

not appear to be critical to differentiation; otherwise they would have been included in 

the portion that also overlaps the “BOTH” circle.  However, further evaluation of the 

cluster groups (Clusters 5, 3, 13, 2 and 9) to which these genes belong revealed that while 

they were not significantly regulated by Treatment D (“BOTH”), the transcriptional 

changes often tended to be similar to that of PRL and gel release (compared to reference).
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The second program represents a “core” set of genes for PRL- and gel release-

induced BMEC differentiation.  It includes genes that were regulated by PRL and (or) gel 

release, but also by the combination of the two (Treatment D).  They are represented in 

Figure 3.8 by sections of the “BOTH” circle that overlap either or both of the other 

circles.  Those genes common to Treatment D and only one of the other treatments 

illustrate a robust regulation by PRL or gel release.  An example of this is seen in Cluster 

11, where despite an inhibitory effect by gel release alone, the stimulatory effect of PRL 

on gene expression remained dominant during differentiation.  Genes common to all 

three Treatment groups are also strongly indicative of core lactogenic genes.  Not 

surprising then, the up-regulated genes in this group were functionally related to casein 

synthesis, cell-cell adhesion, PRL synthesis, Golgi, and regulation of MEC differentiation 

(see Table 3.2).  Cluster assignments for these genes suggested both additive and 

cooperative regulation by PRL and gel release.  For example, several genes in this group 

were associated with Cluster 7, which suggests the stimulatory effect of each treatment 

independently leads to an even greater increase in expression when the two are combined 

in Treatment D.

The next group of genes considered (“program 3”), were those regulated in 

Treatment D only (“BOTH”).  The likely explanation here is that PRL and gel release do 

not affect expression, rather the differentiation phenotype itself induces the regulation of 

these genes.  Interestingly, this group was dominated by down-regulated genes belonging 

to Cluster 8.  In this cluster, PRL and gel release both caused a slight (non-significant) 

decrease in transcription, whereas the two together in the context of differentiation 
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caused a dramatic down-regulation.  Among this group were several genes involved in 

cell-cell or cell-ECM adhesion.  Gap junctions, tight junctions, and cytoskeletal 

interactions are all intimately involved in MEC function, during morphogenesis (Kirshner 

et al., 2003) and differentiation (El-Sabban et al., 2003).  An interesting hypothesis is that 

gene expression associated with this group represents a program devoted to preventing 

BMEC from committing to the fully differentiated state too early.  Thus, down-regulation 

of their expression conveys a permissive signal to the cell, but this can only occur when 

both the biochemical and mechanical signals are present, thus converging on the cell to 

confirm a complete lactogenic environment.  This idea is not unprecedented though, as it 

is suggested that progesterone serves this role in vivo, preventing premature lactogenesis 

(Kuhn, 1969; Rosen et al., 1979).  And only by its removal, and the removal of any other 

inhibitory signals mediating the progesterone effect, can BMEC undergo complete 

differentiation.

Finally, there are the genes that were significantly regulated in more than one 

treatment, but not in parallel (Table 3.2, “CHANGING”).  One of the most interesting 

genes in this group was KLF2, which was assigned to Cluster 3.  This gene regulates the 

expression of laminin (Miller et al., 2001), which is a major ECM protein.  More 

importantly, laminin is secreted by MEC, and has long been known to promote 

differentiation and induce milk protein gene expression, dependent on the integrity of the 

actin and microtubule cytoskeleton (Blum and Wicha, 1988; Zoubiane et al, 2004).  

Genes in Cluster 3, including KLF2, are down-regulated in Treatments B and C, but 

strongly up-regulated in Treatment D.  This pattern introduces a mechanism whereby 
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PRL and gel release independently are inhibitory, but complete differentiation results in 

the induction of gene expression.  The same theme is seen in reverse for another gene in 

this category, beta-catenin, which belongs to Cluster 6.  Here, Treatments B and C 

stimulated expression, whereas in Treatment D, differentiation dramatically repressed 

beta-catenin expression.  Even more interesting is the fact that KLF2 and beta-catenin are 

both linked to the cytoskeleton.  Laminin, as mentioned, is dependent on it, and β-catenin 

is involved in Wnt signaling and tight junctions (Mankertz et al., 2004).  This theme fits 

well with the overall profile of genes linked to the cytoskeleton that were affected by 

PRL, gel release or differentiation: extensive and incongruent.  Furthermore, it appears 

that Wnt signaling pathways are intimately involved in bovine mammary differentiation.  

Involvement of Wnt signaling in mammary growth and differentiation has indeed been 

reported in mice (Howe et al., 2003; Shimizu et al., 1997; Mankertz et al., 2004).  Further 

analysis of how this system is involved in bovine MEC growth and differentiation 

certainly seems warranted.

Understanding transcriptional regulation within the mammary epithelial cell is 

central to continued progress in delineating control of milk synthesis and milk 

composition, as well as mammary development and mammary tumorigenesis.  A cell 

culture model that mimics the native tissue is an important resource for thoroughly 

investigating MEC gene expression during growth and differentiation.  Stimulation with a 

lactogenic complex (Treatment D) resulted in a structural and functional transition 

indicative of what occurs during in vivo lactogenesis.  Based on the results herein, the 

primary BMEC collagen gel culture system is an excellent in vitro model, and the 
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recently developed 4,600-cDNA bovine microarray is an effective resource for profiling 

global gene expression.  
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CHAPTER FOUR:

GENOMIC REGULATION IN BOVINE MAMMARY EPITHELIAL
CELLS DURING HEAT STRESS AND STRUCTURAL REGRESSION

Introduction

Physiological heat stress in cattle has consistently been shown to lower milk 

yield, decrease reproduction efficiency and compromise immune response (Keister et al., 

2002; McDowell et al., 1976).  The effect on milk yield is important considering the large 

number of dairy cows that live in climates where thermal stress (TS) is a problem.  In 

spite of this, the direct effects of TS on mammary epithelial structure and function are 

unknown.  In the current study, bovine mammary epithelial cells (BMEC) embedded in 

collagen gels were cultured under morphogenic conditions and then subjected to TS at 

41.5 C, resulting in a dramatic regression of the ductal structures.  Structural regression 

and the potential of the mammary gland to mount a local response to thermal stress were 

therefore investigated by microarray analysis using the recently developed 4,600-cDNA 

bovine microarray (see Chapter 2 for full description).  Several genes associated with 

stress response, cell survival, DNA repair and protein folding were upregulated early, 

while genes encoding peptide degradation and apoptotic proteins were prevalent at 16 

hours.  Genes associated with biosynthesis, vesicle transport, milk production, 

morphogenesis and cytodifferentiation were generally down-regulated.  

Interestingly, structural regression is one of the hallmarks of a typical lactation 

cycle, which along with dedifferentiation of the mammary epithelium is collectively 

referred to as involution.  Although physiologically distinct from involution, the response 

to TS represents a structural parallel, thus providing an opportunity to evaluate genomic 



115

regulation as it pertains to structural regression of the mammary epithelium.  

Consequently, one of the questions formulated during this study was whether or not 

reversal of phenotype is paralleled by a reversal of genotype.  In other words, when tissue 

switches from structural progression to regression, is the corresponding genomic 

response indicative of a single, binary program that reverses the transcriptional activity 

(genes turned on/up are turned off/down, and vice versa), or does it suggest regulation by 

a second, independent program specific to regression.  In addition to the structural 

relevance, involution represents the functional opposite of lactogenesis, as involution is 

characterized by dedifferentiation and lactogenesis by differentiation.  Although the cells 

were not in a differentiated state in the current cultures, TS did cause transcriptional 

repression of genes related to BMEC differentiation.  Taken together, these results 

suggest that TS is responsible for a structural regression in BMEC, and might also be 

related to functional regression from the differentiated state.    
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Methods

Experimental Design

Primary bovine mammary epithelial cells were obtained from the same procedure 

described in Chapter 2, and were cultured according to the protocol described in Chapter 

3.  Cells were cultured in serum-free medium for growth, consisting of DMEM/F-12, 

0.1% BSA, penicillin/streptomycin/amphotericin, IGF-1 (75 ng/ml), and EGF (25 ng/ml).  

Media was exchanged every 48 hours.  On culture day 7, one of the culture plates was 

placed in the 42 C incubator.  Samples were collected 24 hours before (“-24h”), 

afdsafdadf immediately prior to (“0h”), and 15 min, 30 min, 1, 2, 4, 8, 16 and 24 hours 

after initiating thermal stress.  Four gels/sample were collected for DNA quantification at 

–24, 0, 8, 16 and 24 hours relative to TS initiation.  Gels were frozen at –20 C, and DNA 

was estimated by thawing samples, dissolving collagen gels with 0.1 to 1.0% collagenase 

in a 37 C water bath (15-30 minutes), and proceeding with the PicoGreen Fluorometric 

DNA Quantification assay as outlined by the manufacturer (Molecular Probes, Inc).  Two 

gels per sample were collected for RNA analysis at all timepoints except –24 hours.  For 

RNA isolation, TRIzol Reagent was immediately added (1.5 ml per gel) after sampling.  

The gels were allowed to “dissolve” in the TRIzol at room temperature (about 10 

minutes), after which the samples were stored at –80 C until processing.  Isolation of 

RNA was performed according to manufacturer’s protocol (Invitrogen, TRIzol), using 

water to resuspend final pellet.  Steps for RNA analysis, amplification, as well as cDNA 

synthesis and labeling for subsequent microarray hybridizations were all performed as 
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described in Chapter 3.  Steps for hybridization and scanning, as well as data analysis and 

clustering were also performed as described in Chapter 3.

Real-Time PCR

Original total RNA samples were used to perform Real-Time PCR, following the 

same protocol outlined in Chapter 3.  Briefly, one microgram of total RNA was DNase-

treated and reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad).  Analysis 

was conducted using the iCycler IQ Real-Time PCR Detection System (Bio-Rad).  

Inducible HSP70 was amplified using gene specific forward and reverse primers (see 

Appendix C for all primer sequences).  GAPDH was used as the internal control gene 

following standard curve analyses across several samples (S18 was also evaluated).  The 

2-∆∆CT method was used to calculate relative expression (see Chapter 3).

Fixation and Histochemistry

For structural analysis by fluorescence microscopy, a single gel was fixed within 

a culture plate well by adding 2 ml of 2% paraformaldehyde and allowing to set for 1.5 

hours at room temperature.  Two washes were then applied using 50 mM glycine for 20-

25 minutes per wash at room temp.  The fixed gel was submersed in 1X PBS and stored 

(up to several days) at 4 C.  Fixed gels and the embedded cells were permeablized and the 

actin-binding dye Phalloidin was used to label the cells, which were subsequently 

visualized by fluorescence microscopy.
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Results

Several parameters were evaluated during this study to assess the effects of 

thermal stress (TS) on BMEC cultures.  An estimate of cell growth was obtained by 

measuring DNA content over a 48h period centered on the initiation of TS.  Net growth 

over this time was unchanged in TS cultures, compared to a 3-fold increase in 

thermoneutral (TN) cultures (Figure 4.1).  Real-time PCR analysis of inducible (i)HSP70 

gene expression was used to gauge the temporal magnitude of the TS response in vitro

(Figure 4.2).  Upregulation of iHSP70 transcription occurred between 1 and 2 hours, with 

a maximum 22-fold induction detected at 2 hours.  This was followed by a down-

regulation resulting in transcript levels close to baseline values at the 8-hour mark.  

Immunofluorescent and confocal microscopy of collagen gel whole mounts stained with 

phalloidin and Hoechst dye indicated a dramatic reduction of the prominent, complex 

networks of ductal structures seen in TN cultures, to small spherical masses in the TS 

cultures (Figure 4.3).  While this strategy captured the effect following 24 hours of TS, 

cultures were randomly monitored under the light microscope during all assays, and the 

early signs of ductal regression were visibly noted by 8 hours of TS (personal 

observation).  Based on these results, it was decided to evaluate the associated changes in 

global gene expression using the 4,600-cDNA bovine microarray previously described 

(Chapter 2).  Multiple (n > 2) samples were generated from heat stressed BMEC cultures 

at 0, 2, 4 and 16 hours of TS.  The hybridization scheme illustrated in Figure 4.4 was 

conducted using a fifth sample (“30h”), however, it was later determined that RNA 
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Figure 4.1. BMEC growth rate during heat stress. Effect of TS on DNA 
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Figure 4.3. BMEC morphology during heat stress. Regression of ductal 
structures in response to 24 hrs of heat stress; samples represent 3 separate 
cultures in which Control samples (a,b,c) were cultured at 37 C, but were 
otherwise treated identical to the TS samples (d,e,f)
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Figure 4.4. Hybridization scheme: Heat Stress study.  Data corresponding 
to sample “30h” is not included in the results
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degradation was occurring by 30 hours of chronic TS, therefore, the subsequent analyses 

were conducted independent of this portion of the data.  An initial list of 120 significant 

genes was subdivided into 67 unambiguously annotated genes, 30 potentially novel and 

(or) functionally indistinct ESTs, and the remainder represented cDNA sequences that did 

not have adequate sequence information in our database (see Appendix B for complete 

list of differentially expressed genes).  A more in depth analysis of the 67 clearly 

annotated genes revealed functionally prominent trends in genomic regulation during the 

response to prolonged TS.  The vast majority of up-regulated genes included those 

involved in DNA repair, response to denatured and misfolded proteins, cell cycle arrest, 

protein ubiquitination, and ultimately cell death.  The dominant response to TS was 

transcriptional repression, and included among the list of down-regulated genes were b-

casein, a-lactalbumin, prolactin, collagen synthesis, genes involved in metabolism, 

biosynthesis and ER/Golgi transport, as well as genes linked to morphogenesis and cell 

structure.  Distribution of all differentially expressed genes relative to the times at which 

their transcription was significantly altered, is illustrated in Figure 4.5.  In addition, 

cluster analysis was conducted as described in Chapter 3, generating 13 expression 

patterns for the significant differentially expressed genes (Figure 4.6).

Interestingly, a few of the latter were actually shown to be up-regulated at 16 

hours following the prominent inhibition at 2 and 4 hours.  This response was quite 

possibly due to the fact that the collagen gels incidentally detached from the sides of the 

culture plate wells in the thermally stressed cultures, usually between 12 and 16 hours 

after TS.  Together, these data suggest an acute shift in intracellular trafficking and gene 



124

2h

4h
16h

12
1

4 8
3

15 11

4 1

2

Figure 4.5. Venn diagram: heat stress genes.  Illustrates the number of 
differentially expressed genes and the direction of transcriptional regulation 
(green = up-regulated, red = down-regulated) at each time point following 
initiation of thermal stress



125

Cluster 1

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 2

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 3

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 4

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 5

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 6

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 7

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 8

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 9

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 10

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 11

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 12

-1

-0.5

0

0.5

1

0h 2h 4h 16h

Cluster 13

-1

-0.5

0

0.5

1

0h 2h 4h 16h
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expression, including a down-regulation of biosynthesis and up-regulation of stress-

response genes, leading in part, to a dramatic remodeling of the cytoskeleton following 

TS.  Despite these prominent shifts in gene expression, the cell appears to maintain a 

lactogenic capacity under stress.
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Discussion

Thermal stress (TS) induced structural regression of morphogenically stimulated 

bovine mammary epithelial cells (BMEC) cultured in three-dimensional collagen gel 

constructs.  While the microarray dataset was not extensive, transcriptional activity 

indicated a down-regulation of a small number of genes associated with branching 

morphogenesis and microtubule activity, thereby suggesting a repression of the genomic 

signals responsible for promoting ductal growth and networking.  Overall, the 

transcriptomic profile was dominated by genomic down-regulation, which included genes 

involved in metabolism, biosynthesis, and intracellular transport.  Of the up-regulated 

genes, the vast majority were involved in cellular repair, protein repair and degradation, 

and cell death.  This data indicates that morphogenic activity in the mammary epithelium 

may depend upon the expression profile of a core set of genes, and that structural 

assembly is under a positive mode of regulation (i.e. morphogenesis is on by default).  In 

turn, the transition from structural assembly to disassembly might be controlled at the 

genomic level by simply shutting down cellular biosynthesis and other “core” 

morphogenic genes.  In contrast, the transcription of genes encoding repair enzymes and 

apoptotic proteins is kept “off” until the cell requires them and removes the inhibition, 

which suggests a negative mode of regulation.  

An additional group of genes dominated by patterns of down-regulation were 

those involved in MEC differentiation and milk synthesis.  This suggests that 1) even 

during growth and morphogenesis, BMEC express detectable mRNA levels of some 

lactogenic genes and 2) heat-induced BMEC regression includes transcriptional 
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repression of genes involved in milk synthesis.  In combination with the aforementioned 

genomic patterns related to structural regression, this response carries an implicit 

resemblance to the changes typically associated with mammary involution.  Based on 

these results, it seems feasible that under controlled hyperthermic conditions, the culture 

system may be induced to undergo a structural and functional regression from the 

differentiated state, essentially mimicking involution.  Thus, the opportunity exists to 

study the genomic regulation of this transition in MEC (i.e. involution), and also to gain 

insight on the genomic program(s) controlling the continuous cycle of assembly and 

disassembly from one lactation to the next.  

Independent of the aforementioned implications, the possibility that mammary 

tissue is directly affected during periods of physiological heat stress could have major 

implications for dairy management practices.  Cows experiencing heat stress during 

pregnancy typically demonstrate reduced milk yield in the subsequent lactation (Collier 

et al., 1982).  Inhibiting MEC proliferation and restricting ductal and ductal-alveolar 

growth during gestation would certainly have a negative effect on lactation capacity 

following parturition.  A better understanding of the mechanisms underlying heat-

induced MEC inhibition offers the potential to attenuate this response and maintain 

normal mammary development regardless of the surrounding environmental conditions.  

Particularly interesting in this context was the finding that prolactin gene expression was 

down-regulated in response to TS.  Since PRL promotes the lactogenic response prior to 

parturition, this represents another mechanism by which mammary development is 

negatively impacted by TS.  In addition, the fact the BMEC in culture are producing 
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prolactin is quite interesting, as it offers a potential mechanism for the lactogenic 

response we have seen in our cultures in the absence of prolactin.    

Another point of interest in this dataset was the significant up-regulation of type I 

collagen, decorin, and β-casein at 16 hours of TS, following a prominent repression in 

transcription at 2 and (or) 4 hours.  In light of this observation, it was recalled that the 

collagen gels exposed to TS consistently demonstrated incidental detachment from the 

culture plate wells.  Detachment typically occurred between 12 and 16 hours after 

initiation of TS.  Results from the previous study (Chapter 3) demonstrated the prominent 

stimulation provided by “gel release.”  Given the current results, it would appear that 

even in the midst of chronic TS, BMEC still maintained a capacity to respond to the 

differentiation stimulus of “gel release.”  

The findings in this study represent an initial step in evaluating the direct response 

to thermal stress (TS) by bovine mammary epithelial cells.  The decision to evaluate 

global gene expression was largely inspired by the availability of a recently developed 

4,600-cDNA bovine microarray.  Several genes known to be involved in the traditional 

heat shock response (e.g. HSP70) are not part of this particular array, however, this was 

not a primary factor when considering the objectives of this study.  The effects of TS on 

genes of relevant importance to mammary structure and function were as important, if not 

more, than the effects on genes only related to the heat shock response.  To this end, it 

appears that BMEC directly respond to TS in a manner that could be inhibiting 

lactogenesis, and additionally, the response may offer an opportunity to study genomic 

patterns of mammary involution.
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CHAPTER FIVE:

SEROTONIN AND FEEDBACK INHIBITION

Introduction

During the 1990s, it was established that an autocrine-paracrine homeostatic 

feedback opposed the endocrine stimulation of mammary development and milk 

secretion, however, the proposed mechanism and characterization of the milk constituent 

responsible for this effect has yet to be biochemically identified.  Horseman and co-

workers (Matsuda et al., 2004) have proposed that the local synthesis of the 

neurotransmitter serotonin by mammary tissue is involved in an important feedback loop 

opposing stimulation of mammary development and lactation by prolactin.  In particular, 

they propose that the inhibition of serotonin synthesis would enhance mammary 

development and established lactation.  To date, their research models have only utilized 

laboratory animals.  However, they hypothesize that this is also true in domestic species 

in general and cattle in particular.  Therefore, an exploratory study was designed to 

determine if serotonin might play a role in bovine mammary tissue.

Results indicate that the gene encoding for tryptophan hydroxylase (TPH-1), the 

rate-limiting enzyme for conversion of tryptophan to serotonin, is expressed in bovine 

mammary tissue.  Furthermore, prolactin up-regulates expression of TPH-1 in bovine 

mammary epithelial cells.  The addition of serotonin to collagen gel cultures of bovine 

mammary epithelial cells down-regulates expression of α-lactalbumin, the rate-limiting 

enzyme for lactose synthesis, which regulates milk volume.  The addition of a serotonin 

receptor antagonist enhances milk protein gene expression in vitro.  Finally, assay of milk 
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for serotonin indicates concentration of serotonin in bovine milk is 3-4 fold lower than rat 

milk.  Collectively, these results indicate that serotonin is produced in bovine mammary 

cells and likely plays a feedback inhibitor role in milk synthesis.  These results support 

additional work to determine the role of serotonin in feedback regulation of milk 

secretion.  As a starting point, we have proposed the following model whereby prolactin 

(PRL) induces up-regulation of TPH-1 leading to enhanced serotonin synthesis.  The 

serotonin then binds to its receptor causing down regulation of α-lactalbumin, which 

reduces the rate of lactose synthesis and slows down the rate of milk secretion.
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Methods

Experimental Design

Primary BMEC collagen gel cultures were prepared identical to that described in 

Chapter 3.  Once embedded in the collagen, cells were cultured for growth using serum-

free medium (SFM) containing IGF-1 (100 ng/ml) and EGF (25 ng/ml).  Selected 

cultures received PRL beginning on Day 2 .  Other cultures were either continued with 

growth medium until day 6 when they were induced to differentiate by switching to the 

lactogenic complex (IGF-1, 10 ng/ml HC, 100 ng/ml PRL and gel release).  Cultures 

received either serotonin (5-hydroxytryptamine HCl, Sigma) at a concentration of 20 uM, 

methysergide (Sigma M137) at a concentration of 20 uM or PCPA (p-

chlorophenylalanine (Sigma, C-8655) at a concentration of 20 uM.  

ELISA

Serotonin ELISA assay was followed according to the manufacturer’s protocol 

(IBL, RE59121).  Rat and cow milk, or media extracted from cell cultures, were stored at 

–20 C until time of assay.  Samples were thawed at room temperature, mixed by 

inversion and added directly to assay.  Due to the opacity of assay samples containing 

milk, an additional standard curve was used containing pooled milk to account for any 

variation due to sample type.  All other steps and calculations were conducted exactly as 

outlined by the protocol.  Absorbance readings were taken using the Multiskan Ascent 

96-well plate reader (Labsystems, model 354).
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Electron Microscopy

Electron microscopy was used to obtain information about the ultrastructural 

changes associated with lactogenic stimulation in cultured bovine mammary epithelial 

cells.  Samples were collected following the 48-hour treatment period and fixed using 1% 

formaldehyde, 3% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4.  Samples were 

postfixed 1.0% osmium tetroxide, dehydrated in EtOH and embedded in Epon resin.  

Sixty nm sections were observed using a JEOL 100 CX II Transmission Electron 

Microscope (Japan Electron Optical Laboratories).

Real-Time PCR

Total RNA was isolated from cell culture samples using TRIzol Reagent 

(Invitrogen).  RNA purity/integrity was confirmed on the Agilent BioAnalyzer 2000, as 

well as spectrophotometrically.   One microgram of total RNA was DNase-treated and 

reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad).  Analysis was 

conducted using the iCycler IQ Real-Time PCR Detection System (Bio-Rad).  Forward 

and reverse primers for b-casein and a-lactalbumin were same as used in Chapter 3, and 

GAPDH was again used as the internal control gene following standard curve analyses 

across all Treatment group samples.  For tryptophan hydroxylase (TPH-1), the H. sapiens 

TPH-1/tryptophan 5-monooxygenase gene sequences (NCBI #NM_004179) were 

BLASTed against the Baylor Bovine Data database in an effort to find bovine genomic 

sequences.  This identified homologous bovine sequence (Contig165458 BCM Bos 

Taurus), and cattle-specific oligonucleotide primers (Forward: 5’-
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AGAGAATTTACCAAGACAATCAAGC-3’ and Reverse: 5’-

CTTAGCAAGGGCATCACTGAC-3’) were designed. Resulting gene expression data 

was calculated using the 2-∆∆CT method (see Chapter 3). 
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Results

A serum-free growth medium supplemented with IGF-1 and EGF was used to 

study proliferating (non-differentiated) BMEC.  The addition of prolactin (PRL) to these 

cultures had no effect on growth rate (Figure 5.1).  The transcript for TPH-1 was detected 

by RT-PCR in all samples, with somewhat elevated levels observed in PRL-

supplemented cultures (Figure 5.2).  A serum-free lactogenic medium supplemented with 

IGF-1, hydrocortisone (HC) and PRL, along with release of the collagen gel, was used to 

study differentiating BMEC.  In all cultures, beta-casein expression moderately increased 

over the first 48 hours. As before, TPH-1 transcripts were consistently detected, however, 

no obvious trends were observed across samples (Figure 5.3).

Serotonergic Agents Alter TPH-1 and Milk Protein Gene Expression 

Bovine (B)MEC embedded in collagen gels differentiate in response to a 

lactogenic complex consisting of IGF-1, PRL and hydrocortisone (HC), as well as 

“releasing” the gel from culture plate well.  Lactogenic treatment induces dramatic 

morphological and ultrastructural differentiation representative of a secretory alveolar 

epithelial cell.  Treatment also up-regulates expression of the major milk protein β-

casein, however, expression of α-lactalbumin tends to be limited under this system, with 

little increase in mRNA levels during lactogenic stimulation (Figures 5.4 and 5.5).  Gene 

regulation (β-casein, α-lactalbumin, TPH-1) by 5-HT, a 5-HT receptor antagonist 

(methysergide), and an inhibitor of TPH-1 activity (PCPA) were all tested under 
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Figure 5.4. ββββ-casein expression in differentiating BMEC. Real-time PCR 
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Figure 5.7. Serotonergic effects on ββββ-casein. Real-time PCR analysis of β-
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lactogenic culture conditions.  Exogenous 5-HT down-regulated α-lactalbumin 

expression at 24 and 48 hours of lactogenesis relative to Control (Figure 5.6).  The effect 

was particularly significant at 48 hours, when all other treatments (including Control) 

showed increased expression levels relative to 24 hours.  Negative regulation by 5-HT 

was not evident for β-casein expression (Figure 5.7).  However, expression of both milk 

protein genes increased in response to methysergide in the absence of PRL.  Stimulation 

of b-casein expression in response to PCPA was also detected, and this effect was 

diminished when PRL was removed from the lactogenic complex.  Expression of TPH-1 

seemed to be less responsive to treatment, but increased in all samples from 24 to 48 

hours (Figure 5.8).  Interestingly, TPH-1 mRNA was lowest in the three treatments in 

which 5-HT receptor binding was implicit, either by addition of 5-HT or methysergide.  

At both 24 and 48 hours, PCPA-treated cultures showed numerically greater TPH-1 

mRNA levels.

Serotonin in Bovine Milk and MEC Culture Media

The apparently constant level of TPH-1 transcript across BMEC culture samples 

predicted that serotonin was being synthesized in vitro, therefore, a serotonin ELISA kit 

was used to evaluate relative concentrations.  Milk samples from dairy cows in early-, 

mid- and late-lactation, as well as from lactating rats, were also included in the ELISAs.  

These assays revealed no detectable amount of 5-HT in cell culture media and marginally 

detectable concentrations in cow milk, whereas rat milk contained approximately 10-30 

ng/ml, based on assay standards (Figure 5.9).
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The presence of 5-HT in milk from early-, mid-, and late-lactation dairy cows, 

and from cell culture media extracts, could not be confirmed using an enzyme linked 

immunosorbent assay (ELISA) kit.  Detectable levels were at or below the lowest assay 

standard concentration for all cow milk samples, and were not statistically different from 

the “zero” standard (0 ng/ml) for the culture media extracts.  The assay was performed 

three separate times, and rat milk was included in the last two analyses.  All rat milk 5-

HT concentrations were in the range reported by Horseman (10-20 ng/ml).  For the final 

assay, an attempt to shift the lower range of the standard curve was made by using a 2-

fold and 4-fold dilution of the lowest standard, in theory extending the lower detection 

levels to 5.2 and 2.6 ng/ml, respectively.  While the 5.2 ng/ml standard was statistically 

distinct on the shifted standard curve, the new low standard (2.6 ng/ml) was numerically 

indifferent from the “zero” standard, for all practical purposes.  Horseman (personal 

communication) indicated that similar attempts to use ELISA methods to measure 5-HT 

proved inadequate, thus leading them to successfully pursue HPLC/EC analysis 

techniques.  Despite the apparent limitations of the assay, the concentrations for rat milk 

5-HT obtained by ELISA in our lab and HPLC in Horseman’s lab were comparable.  

Unsubstantiated, but numerically apparent, was the trend seen collectively across all three 

assays suggesting serotonin in the rat > cow > MEC culture media.  

Serotonergic Effects on MEC Morphology and Ultrastructure During Differentiation

Morphological differentiation of the cultured BMEC in response to lactogenic 

treatment (IGF-1 + HC + PRL + gel release) involves the formation of large, distended 
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alveolar structures reminiscent of secretory alveoli in the native gland.  Electron 

micrographs revealed significant ultrastructural changes including the formation of lipid 

globules and casein micelles along with a much more developed rough ER (Figure 

5.10a).  The addition of serotonin to cultures containing the full lactogenic complex did 

not alter the number or size of lipid droplets or secretory vesicles (Figure 5.10b).  In fact, 

they may be larger under the influence of serotonin.  However, there was no evidence 

that the cells had gained the ability to secrete since all of the lipid and secretory vesicles 

remained inside the cells.  In these cultures containing serotonin there was the appearance 

of dense staining structures we could not identify.  However, at the ultrastructural level 

there was no evidence that serotonin was inhibiting lactogenesis.
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Figure 5.10. Electron micrographs of differentiation +/- serotonin. The addition 
of serotonin to BMEC cultures (b) did not decrease the number or size of secretory 
vesicles (A) or lipid droplets (B).  However, there was also no evidence that products 
were being secreted out of these cells in any of the cultures.  There was also a dark 
staining compartment (C), which appeared in cultures containing serotonin that we 
cannot identify at present. 
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Discussion

Whether or not 5-HT is synthesized and secreted in milk of the bovine mammary 

gland awaits confirmation.  However, early evidence suggests 5-HT is present at low 

concentrations in cow milk and that it effects milk protein gene expression in cultured 

BMEC.  The mechanism by which 5-HT turns off milk synthesis and/or secretion appears 

to involve a decrease in lactose, mediated by an apparent down-regulation of the rate-

limiting enzyme for lactose synthesis, α-lactalbumin.  No effect of 5-HT on β-casein 

mRNA was detected within 48 hours of lactogenic stimulation.   However, blockage of 

the serotonin receptor(s) or serotonin synthesis did increase expression of casein message 

indicating serotonin likely also has a negative feedback role in casein synthesis.  The 

activity of 5-HT receptors was not considered directly, but instead by adding the 5-HT 

receptor antagonist methysergide, which permitted higher levels of expression for several 

milk protein genes in mouse MEC (Horseman, 2004).  Interestingly, this effect was 

negated in the presence of PRL, in which case methysergide had no effect on milk protein 

gene expression.  When PRL was removed, methysergide dramatically increased 

expression of both β-casein and α-lactalbumin.  How PRL might interact with 

methysergide or 5-HT receptors remains to be determined.

Prolactin was previously shown to increase TPH-1 expression in mouse MEC, 

which suggests that the delayed inhibition might ultimately depend on endogenous 5-HT 

production.  In bovine MEC, PRL stimulated expression of TPH-1 in growing (i.e., non-

differentiated) cultures, suggesting a direct effect.  The PRL-supplemented medium 

showed a 2- to 4-fold higher TPH-1 expression level compared to control medium (no 
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PRL) at various days tested in culture (data not shown).  When cultures were switched to 

the lactogenic complex, the differentiation process induced a 2.5- and 5.5-fold increase in 

TPH-1 mRNA at 24 and 48 hours, respectively, relative to the reference (non-

differentiated, proliferating) samples.  This result cannot be directly attributed to PRL 

though, and may be due to another aspect of the differentiation complex.  In a previous 

culture, TPH-1 expression was measured in response to full lactogenic treatment and 

compared to “gel release” only (no HC or PRL).  Gel release alone resulted in TPH-1 

mRNA levels similar to that induced by the full lactogenic complex.  These results 

suggest that TPH-1 expression might be influenced by PRL in an indirect manner; and 

because gel release is capable of influencing TPH-1 expression, the cytoskeleton or a 

structurally related mechanism may also be involved.  It has been suggested that PRL and 

the cytoskeleton have a dynamic relationship in MEC, and Zoubiane et al (2004) reported 

a role for the cytoskeleton in PRL-dependent MEC differentiation.  

The role of TPH-1 enzyme was further evaluated by using PCPA to block its 

activity, which in effect, prevents the endogenous production of 5-HT.  At this time, 

however, we did not account for the possible effect of residual endogenous 5-HT that 

might be retained within the collagen gel at the time of treatment.  The activity of TPH-1, 

whether as a catalyst for 5-HT production or by some other mechanism, clearly imparts a 

negative regulation on expression in differentiating BMEC.  Taken together, these results 

suggest the following model.  Prolactin up-regulates expression of TPH-1 gene 

expression leading to increased synthesis of serotonin, which subsequently feeds back on 

the mammary epithelial cell reducing the rate of α-lactalbumin and casein synthesis.  
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This leads to reduced milk lactose and casein, and subsequently reduced milk volume.  

There may well be other components of this negative feedback loop.

The addition of serotonin had no effect on casein gene expression in this study.  

However, the addition of the serotonin receptor blocker methysergide, had dramatic 

effects on casein gene expression and may indicate that there was sufficient serotonin 

being produced by the mammary epithelial cells that we saw no effect of additional 

serotonin.  This is further supported by the fact that the addition of PCPA which blocks 

local synthesis of serotonin also up-regulated casein gene expression.

The addition of serotonin did dramatically reduce the expression of the gene 

encoding for α-lactalbumin.  This effect was overcome with the addition of 

methysergide, the serotonin receptor blocker or PCPA, the inhibitor of serotonin 

synthesis.  Thus, effect of serotonin on α-lactalbumin gene regulation seems to be 

slightly different than its effect on casein gene regulation; but in both cases this effect is 

inhibitory, which fits with a role of serotonin as a feedback inhibitor of lactation.

The expression of TPH-1 increased in controls as expected since lactogenic 

hormones previously increased TPH-1 gene expression, Figure 5.3.  When serotonin was 

added to the culture media this increase was blunted which may indicate that serotonin 

feeds back negatively on its own synthesis in bovine mammary epithelial cells.  The 

addition of methysergide also blunted expression of TPH-1 but the addition of PCPA 

increased expression of TPH-1 further supporting the idea that serotonin feeds back 

negatively on its own synthesis since PCPA would reduce the rate of serotonin synthesis.



153

CHAPTER SIX:

PROSTAGLANDIN E2 AND ITS ROLE IN LACTOGENESIS

Introduction

During the final weeks and days of pregnancy, the bovine mammary gland 

undergoes significant growth and begins a dramatic process of functional differentiation 

in preparation for the ensuing lactation.  Coincident with this period is a rise in the local 

production of prostaglandins (PG) of the E and F series.  Prostaglandin E2 (PGE2) content 

rises in mammary secretions during the last week prior to parturition and returns to basal 

levels by 2 days postpartum (Maule-Walker et al., 1983; Collier, unpublished).  Previous 

work using intramammary infusions of PGE2 suggests it has both mammogenic and 

lactogenic potential (Crooker, unpublished).  Interestingly, any positive prepartum 

response to PGE2 intramammary infusion seems to be lost following parturition, and 

postpartum infusions have no effect on mammary growth or milk yield.  These results 

suggest 1) the endogenous periparturient PGE2 surge is sufficient enough that it is not 

limiting to lactation capacity, and 2) the lactogenic responsiveness of BMEC to PGE2 is 

largely restricted to the prepartum period coinciding with stage II lactogenesis.  

Prostaglandins (including E2) are also involved in regulation of mammary blood flow 

across lactation (Nielsen et al., 1995), thus PGE2 activity is not entirely restricted to the 

peripartum period.  The current research was conducted as a pilot study to evaluate the 

direct effects of PGE2 on primary bovine mammary epithelial cells (BMEC).  
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Methods

Experimental Design

Primary BMEC were prepared for culture using methods previously described 

(Chapter 3).  All cultures were initially supplemented with serum-free medium containing 

IGF-1 (100 ng/ml) and EGF (25 ng/ml).  To test the effects of PGE2 on proliferation, 

cultures were additionally treated with 0, 0.01, 0.1, 1, or 10 ug/ml PGE2 (Sigma, P0409) 

beginning on day 2, and DNA content was measured on days 6 and 10.  To test the 

effects of PGE2 on differentiation, cultures received the initial medium through day 6 (to 

allow proper development of the ductal network), at which time they were switched to 

the lactogenic complex as described in Chapter 3 (IGF-1 + HC + PRL + gel release), plus 

0, 0.1, 1 or 10 ug/ml PGE2.  Additional samples were also tested using elevated levels 

(10-fold increase) of HC and PRL at 100 ng/ml and 1 ug/ml, respectively, and 

supplemented with either 0 or 1.0 ug/ml PGE2.  Samples were collected at 48 and 96 

hours following initiation of lactogenic treatment; β-casein gene expression was 

measured by Real-Time PCR and structure was evaluated by classical hematoxylin-eosin 

staining.

Histology

Differentiated cultures were sampled at 48 and 96 hours post treatment, and the 

entire collagen gel was submerged in 2% paraformaldehyde solution and left at room 

temperature for 1.5 hours.  Each gel was washed twice with 50 mM glycine at room 



155

temp, and then placed in PBS at 4 C until subsequent processing.  Paraformaldehyde-

fixed gels were sectioned (5 um) and stained with hematoxylin and eosin.

Real-Time PCR

Total RNA was isolated from 48h and 96h differentiated BMEC samples using 

TRIzol Reagent (Invitrogen).  RNA purity/integrity was confirmed on the Agilent 

BioAnalyzer 2000, as well as spectrophotometrically.   One microgram of total RNA was 

DNase-treated and reverse transcribed using iScript cDNA Synthesis Kit (Bio-Rad).  

Analysis was conducted using the iCycler IQ Real-Time PCR Detection System (Bio-

Rad).  HPRT1 was used as the internal control gene following standard curve analyses 

across all samples (GAPDH was also evaluated).  All primer sequences are listed in 

Appendix C.  Primers were tested first using standard PCR, and subsequently using Real-

Time PCR standard curve analysis for pooled sample to obtain median CT score and 

ideal linear range for amplification.  Resulting gene expression data was calculated using 

the 2-∆∆CT method (see Chapter 3). 



156

Results

Prostaglandin E2 has been linked to both mammogenic and lactogenic responses.  

The direct effect of PGE2 on BMEC proliferation was tested over a dose range of 0, 0.01, 

0.1, 1 and 10 ug/ml PGE2.  Over the 10-day culture period, addition of PGE2 did not 

increase DNA content and appeared to inhibit it at 1.0 and (or) 10.0 ug/ml concentrations 

(Figure 6.1).  In differentiating cultures, PGE2 appeared to down-regulate milk protein 

gene expression.  Real-Time PCR analysis of β-casein and α-lactalbumin gene 

expression was used to assess the lactogenic response to PGE2.  A general inhibition of 

both β-casein and α-lactalbumin expression was observed at 48 and 72 hours (Figures 6.2 

and 6.3).  This response was irrespective of hydrocortisone and prolactin concentrations, 

which were supplemented at 10-fold greater levels in some cultures (samples “E,0” and 

“E,1” in Figures 6.2 and 6.3).  The structural effect of PGE2 on differentiating BMEC 

was also evaluated.  The PGE2-treated cultures demonstrated a dramatic increase in 

alveolar lumen size relative to the control cultures at 48 and 96 hours (Figure 6.4).  PGE2-

treated cultures consistently had much larger, distended central lumens.
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Figure 6.4. H & E stains of differentiating BMEC +/- PGE2.  PGE2-treated 
cultures displayed much larger, distended alveolar lumen, as illustrated here by H & 
E stained sections (5 um) cut along the horizontal plane of the collagen gel.
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Discussion

The likelihood that prostaglandin E2 plays a role in bovine lactogenesis is 

supported by the observation that local synthesis and secretion of PGE2 occurs during the 

periparturient period (Collier, unpublished).  Using intramammary infusion (IMI) 

techniques, the ability of exogenous PGE2 to induce both mammogenic and lactogenic 

responses in vivo has also been observed (Collier, personal communication).  What role 

this molecule might play in mammary growth and (or) differentiation, and how it might 

improve induced lactation strategies in dairy cattle remain to be seen.  When tested in 

vitro, nanogram levels of exogenous PGE2 did not stimulate MEC proliferation.  Whether 

or not it has a direct lactogenic effect on MEC remains to seen, as PGE2 appeared to 

promote alveolar distension but inhibit β-casein gene expression.  Expression of β-casein, 

however, is merely one of many lactogenic markers, and it is imprudent to suggest that 

PGE2 inhibits in vitro MEC differentiation at this point.  The relationship between milk 

protein gene expression and PGE2 has been reported in mice, where it was observed that 

PGE2 reversed the hydrocortisone-induced inhibition of α-lactalbumin without affecting 

β-casein expression (Terada et al., 1982).  Whether or not this relationship exists in 

bovine MEC will require further evaluation.

As discussed throughout this dissertation, tissue remodeling and regulation by the 

ECM are critical mechanisms in the development and differentiation of mammary tissue.  

Therefore, the effect of PGE2 on BMEC structure was also evaluated.  Results from the 

current study indicate a direct effect on BMEC morphology in vitro, suggesting a 

potential role for PGE2 in the cell-ECM interaction schema.  Addition of PGE2 to BMEC 
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cultures resulted in dramatically larger diameters of alveoli.  Because BMEC do not 

maintain a lactogenic phenotype for extended periods in the current culture system (e.g., 

alveoli collapse and structures regress), structure was also evaluated at 96 hours.  The 

response to PGE2 appeared to be robust, as the distended structures were maintained.    

Interestingly, the structural response is reminiscent of what occurs in vivo during the final 

stage of lactogenesis, which coincides with the endogenous spike in mammary PGE2.  As 

described in a thorough review on alveolar development (Brisken, 2002), mammary 

development during pregnancy involves ductal extension and branching morphogenesis, 

which eventually leads to lobule-alveolar development.  At this stage, ductal endbuds 

appear and the characteristic “grape-like” clusters of alveoli fill the lobules.  Initially, the 

luminal diameter of the alveoli is similar to that of the smallest side branches.  However, 

during lactogenesis and the onset of secretory activity, the alveoli expand dramatically.  

This event coincides with the dramatic rise in local PGE2 levels.  Since stage II 

lactogenesis also coincides with copious secretion of the milk constituents into the lumen, 

it’s possible that alveolar distension could be driven by lumen filling.  Correlative 

evidence RT-PCR analysis suggests that PGE2 is not acting through transcriptional 

regulation of the α-lactalbumin gene, which would have suggested an increase in lactose 

synthesis.  The latter is still very likely though, as PGE2 may elicit its effect on a-

lactalbumin post-transcriptionally, a characteristic that was in fact observed in mouse 

MEC (Terada et al., 1982).  However, the current study did not include a direct 

evaluation of the presence of lactose in the lumen.  
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Prostaglandin E2 has been implicated in myriad physiological events and it affects 

many tissues throughout the mammalian system.  Interestingly, these affects are widely 

diverse and in some cases, appear to be functionally opposite.  These characteristics are 

largely due to the receptor population, for which there are 4 distinct subtypes selectively 

bound by PGE2.  The E prostanoid (EP) receptors are classified as EP1, EP2, EP3 and 

EP4.  While the focus of the current study is not on the EP receptor subtypes, it is noted 

that it will be important to classify the expression profile in BMEC.  Prostaglandin E2 has 

been shown to elicit both mammogenic and lactogenic properties in vivo, however, the 

effects varied depending on physiological status of the animal.  Thus, it seems possible 

that transient changes in the tissue-specific EP receptor profile may define the response to 

PGE2 by the mammary gland.  In addition, early in vitro results were incongruent with 

the in vivo reports, suggesting PGE2 may act indirectly to affect proliferation and (or) 

changes in gene expression.

Finally, an interesting in vivo manipulation would be to block the endogenous 

PGE2 surge just prior to parturition, although this would be a challenging proposition on 

many accounts and no attempts have been reported.  A comparable scenario is presented 

with cows induced to lactate, because no endogenous PGE2 surge is present.  Early 

results from one such “induced lactation” study indicated that udder halves receiving 

PGE2 were visibly larger and yielded more milk in all cows on all days (Crooker, 

personal communication).  These results strongly suggest that PGE2 is important to the 

lactogenic capacity of MEC, however, the mechanism by which this occurs remains 

unknown.
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CHAPTER SEVEN: INTEGRATED SUMMARY

The objective of this dissertation research was to advance our understanding of 

the transcriptional regulation underlying bovine mammary growth and differentiation and 

the bovine mammary epithelial cell (BMEC) in particular.  Epithelial cells are the 

defining cell type in mammary tissue, as they comprise the distinguishing structural 

(ducts, alveoli) and functional (milk synthesis and secretion) features of the mammary 

gland.  In order to study BMEC directly, an in vitro model was established which 

mimicked native MEC in structure and function.  Furthermore, because of the desire to 

evaluate genomic regulation and the direct effects of various stimuli, it was important to 

conduct the experiments in a defined environment, which meant serum-free media 

(SFM).  These standards were ultimately met by culturing BMEC in collagen gels and 

using the growth factors IGF-1 and EGF to maintain and stimulate growth and 

development in vitro.  

Development of BMEC during pregnancy depends largely on estrogen (E) and 

growth hormone (GH), and results in ductal extension and branching morphogenesis.  

This phenotype was induced in the culture system, which suggests two things.  First, in 

order to replicate MEC growth and development in vitro, cells should be embedded 

within the collagen gel and the gel should remain attached to the culture plate well.  

Second, since E does not stimulate MEC proliferation in vitro, it is likely that its effect is 

mediated by local growth factors that activate receptors belonging to the somatomedin 

and (or) EGF receptor family(s).  Based on previous research and the conclusions drawn 
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from this research, a number of mechanistic scenarios can be elucidated.  First, the 

requirement of pituitary hormone(s) for in vivo mammary cell proliferation appears to 

depend on the somatomedins, their receptors and the respective binding proteins.  

Specifically, the reported requirement for basal levels of GH is likely related to its 

systemic (and possibly local) stimulation of IGF-1.  The basal levels of PRL may have a 

role in stimulating a local mammary protease that cleaves the last three amino acids off 

the IGF-1 molecule, producing des-3-IGF-1, which is not recognized by the inhibitory 

IGFBP-2 (Collier, et al., 1993).  Collectively, these events activate the somatomedin 

receptor pathway(s) within BMEC, signaling cell survival and promoting cell cycle 

progression and mitogenesis.  Simultaneously, estrogen-induced events including 

increased levels of EGF receptor and local production of TGF-alpha, enhance activation 

of the EGF receptor signaling pathway, which 1) synergizes with IGF-1 signaling to 

enhance proliferation and 2) stimulates ductal side branching.  The latter was 

substantiated by the observation that EGF dramatically enhanced ductal development and 

branching morphogenesis within the time frame of our cultures (Chapter 2); however, 

IGF-1 alone was able to sustain growth and limited ductal branching using this system.  

Under this model, the well-documented requirement for GH and E during gestational 

mammogenesis is justified, whereas the inability of either hormone to directly stimulate 

MEC is explained by the indirect activation of the IGF-1 and EGF receptor signaling 

pathways.  Furthermore, this model suggests that IGF-1 acts in synergy with EGF 

receptor-mediated growth, which supports the finding that E will not stimulate mammary 

growth in hypophysectomized (no GH) cattle.  How progesterone is involved and 
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whether its mechanism can be determined using the current cell culture system remains to 

be seen.  What has been established to date is that progesterone, together with estrogen, is 

important for lobule-alveolar development that occurs later in pregnancy, and the 

removal of progesterone is essential for lactogenesis and complete functional 

differentiation of the MEC.  The fact that progesterone receptors are decreased following 

parturition and that progesterone administered postpartum has no effect on MEC 

secretory activity, suggests that progesterone may indeed have a direct effect on BMEC 

and could therefore be studied using the current culture system.  Indeed, direct effects of 

progesterone have been demonstrated in an almost identical culture system using mouse 

MEC.

Historically, the ability to induce functional differentiation of BMEC in culture 

has been met with much difficulty.  Among some of the early realizations that helped 

overcome these limitations were 1) MEC differentiation is extremely dependent on 

extracellular matrix (ECM), 2) when using collagen as a substrate, the lactogenic 

response was greatly enhanced if the cells were cultured on “floating” gels that were 

detached from the culture plate well, and 3) various combinations of hormones were 

effective at inducing differentiation, but the most consistent and successful formula was a 

combination of insulin, hydrocortisone and prolactin.  It was because of these pioneering 

discoveries that the system utilized herein was successful, providing BMEC structure and 

function reminiscent of the in vivo lactogenic response in almost every parameter 

observed, from expression of milk proteins to ultrastructural and morphological 

development.  There remain limitations of the collagen gel system, though, the most 
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prominent of which is the lack of prominent secretion into the central lumen of the 

alveoli.  In the current system, my goal was to combine two of the techniques for 

studying BMEC using collagen gels.  First, by embedding the cells and keeping the 

collagen gel attached, the cells would properly respond to growth factors by proliferating 

and developing structurally into ductal networks.  Second, by releasing the gel and 

switching to a lactogenic medium, it was likely that I could still induce differentiation, 

and with the alveoli completely embedded within the ECM, perhaps enhance the 

secretory response.  As illustrated in Chapter 3, the cells responded by differentiating 

characteristically, however, luminal secretion was not pronounced.  Regardless, the 

culture system was suitable for studying BMEC structure and genomic regulation 

associated with morphogenesis and differentiation, and it also provides the opportunity to 

directly interrogate the transition between these two events.

The lactogenic response is an intricate and complex event, which shows 

significant variation between species.  In order to ascertain the molecular mechanisms 

driving the dramatic epithelial events that define the two stages of bovine lactogenesis, a 

culture system that maintains the genotypic and phenotypic integrity is essential.  At 

present, it is clear that in vitro stimulation of BMEC differentiation requires two signals, 

1) a biochemical stimulus in the form of IGF-1 (or insulin), hydrocortisone/cortisol (HC), 

and prolactin (PRL), and 2) a mechanical stimulus in the form of gel release (detachment 

of collagen gel from culture plate well).  Since insulin’s necessity in culture was 

attributed to its conveyance of cell survival, it is likely that IGF-1 serves the same role by 

acting through one (or more) of the somatomedin receptors.  However, it seems 



168

appropriate to mention that GH is galactopoietic, possibly mediated by IGF-1, and thus 

the possibility exists that IGF-1 is also involved in milk synthesis and (or) secretion.  

Regardless, genomic regulation in response to IGF-1 was not exclusively examined 

during the current research, and is thus left for future studies.  Similarly, HC was not 

evaluated independently and the scope of its involvement at present is restricted to the 

well-documented effects on the rough (R)ER and Golgi, which promptly explain its 

importance to the lactogenic complex.  The machinery needed for protein synthesis and 

vesicle transport must be increased during milk component synthesis, and this is induced 

with addition of HC.  In addition, glucocorticoids have been shown to induce lactogenic 

gene expression.  Previous work has shown that HC-bound GC-receptors in MEC 

directly activate α-lactalbumin and β-casein expression.  Current results based on 

electron microscopy of BMEC treated with IGF-1 and HC (Chapter 3) revealed an 

increase in RER, vacuolization, and the presence of secretory vesicles.  It was not without 

great deliberation that HC was chosen to be included in the “Reference” samples of the 

Chapter 3 study.  However, much of the previous research had demonstrated that HC 

alone did not come close to inducing the lactogenic response induced by PRL, 

extracellular matrix, or any other fully lactogenic treatment.  In the end, this was a 

convenient advantage, as it provided a reference that helped target genes specifically 

related to the lactogenic features of PRL and gel release.  Had a completely 

undifferentiated, growing and branching BMEC sample been used as the reference, the 

list of differentially expressed genes would almost certainly have included many more 

extraneous genes.  Having said that, an interesting study for which the cell culture 



169

technique employed herein would be ideal, is one that focuses on the transition from 

MEC development (growth and branching morphogenesis) to differentiation (alveolar 

morphogenesis and the Secretory Initiation Phase).  The study described in Chapter 3 

only flirts with this transition, as the samples represent 48 hours worth of differentiation 

and all comparisons are relevant to the reference sample just described.  Indeed, the 

relevant goal of this study was to clarify the hormonal and mechanical influences on gene 

expression during differentiation.

The focus on hormonal regulation of BMEC differentiation was narrowed down 

to prolactin (PRL).  As mentioned in Chapter 1, lactogenesis is the only function of PRL 

clearly established to this day in cattle.  In vitro, PRL is consistently used to induce 

differentiation of the bovine mammary epithelium.  Because of this, a wide variety of 

correlative data has been generated over the years, inherently linking PRL to numerous 

cellular events and signaling pathways.  The fact that PRL independently affected more 

than 70% of the significant differentially expressed genes detected by microarray analysis 

(Chapter 3) lends credence to the collective assumption that PRL is involved in many 

aspects of BMEC activity.  However, of the more than 130 genes affected by PRL, only 

about 25 were also significantly regulated by the full lactogenic complex (i.e., complete 

differentiation).  This was an interesting result, as it suggested that 1) PRL signaling 

transcriptionally regulated a significant number of extraneous genes that are probably not 

essential to BMEC differentiation or 2) transcriptional regulation during lactogenesis 

exhibits conservatism.  The latter establishes an interesting hypothesis in that it suggests 

the cell, once committed to differentiation, restricts transcriptional activity to only what it 
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needs and nothing more.  Examining the expression patterns in the cluster analysis 

(Figure 3.7) led to this presumption as several of the “core” genes (i.e. those that were 

significantly affected by PRL alone, as well as the full lactogenic complex) belonged to 

Clusters 2 and 4.  These two patterns suggest that PRL induces an expression level far 

greater than what was necessary for differentiation, as the response to the full lactogenic 

complex, while still up-regulated, was attenuated compared to PRL alone.  While some of 

the genes in discussion might well fit this style of regulation, it remains much more 

probable that the first suggestion mentioned above is representative of the majority.  

Indeed, superfluous gene expression is a common theme in eukaryotic gene regulation.  

Interestingly, a very relevant “debate” was recently published wherein the argument that 

ectopic expression must be regarded as part of an integrated phenotypic whole, is pitted 

against the traditional idea that it comes about as a superfluous by-product of “leaky” 

regulatory systems (Rodriquez-Trelles et al., 2005).

Assuming that some genes regulated solely by PRL were indeed related to BMEC 

function, the possibility exists that some of these same genes may be involved in the 

negative feedback signaling pathway proposed in Chapter 5.  A local “feedback inhibitor 

of lactation” (FIL) has been suggested for years to be secreted in milk by MEC, where it 

dose-dependently down- regulates milk synthesis and secretion as the alveolar lumen 

becomes full.  Serotonin (5- HT) was recently investigated in mouse MEC, where it was 

discovered to have a negative feedback on milk synthesis and secretion, thus establishing 

the possibility that the biochemically uncharacterized FIL molecule was in fact 5-HT.  

Serotonin was therefore evaluated for its possible role in the bovine mammary gland 
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(Chapter 5), where it was suggested to have a similar role to that in the mouse mammary 

gland.  In addition, these two studies collectively established a potential link between 

PRL and 5-HT induced negative feedback.  The results from Chapter 5 provided for a 

rough draft of the proposed mechanism whereby PRL activates the serotonergic pathway 

resulting in 5-HT synthesis and secretion; this leads to 5-HT receptor-mediated down-

regulation of a-lactalbumin, the rate-limiting enzyme in lactose synthesis, which 

determines milk volume.  As a result of these findings and the interest in the ectopic 

expression induced by PRL, a simple query of the literature was conducted targeting 

associations between serotonin and the genes regulated solely by PRL.  Ten genes out of 

the 40-50 that were searched had strong correlative and (or) direct evidence of being 

involved in serotonergic activity.  Among them were genes involved in G-protein-

coupled (including 5-HT) receptor signaling (calmodulin 1, Ras suppressor protein, 

pleiotrophin), phospholipase activity (phospholipase A2, annexin A5), and serotonin 

transport (GMP synthetase, lectin).  Together, this data strongly indicates that PRL is

regulating genes involved in the serotonergic activity, which implicitly suggests that PRL 

is directly activating the negative feedback response mediated by serotonin.  These 

results also support that notion that some of the ectopic expression includes genes that are 

functionally relevant to BMEC and differentiation.  These results also spur the question 

of whether 5-HT accumulation in the cell culture system is what limits the lactogenic 

response, as most cultures demonstrated alveolar regression and down-regulation of milk 

synthesis genes after 96 hours of differentiation.  Unfortunately, 5-HT was undetectable 

in cell culture media extracts using the ELISA assay as described in Chapter 5.  However, 
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we did not use the preferred method for measuring serotonin and its metabolites (HPLC) 

in culture media.  The method we did use (ELISA) likely was not sensitive enough to 

measure serotonin concentrations in culture media.

Before returning to the genomic regulation patterns from Chapter 3, the mention 

of a BMEC “life span” for differentiation in culture segues nicely into a discussion on the 

results from Chapter 6.  Prostaglandin E2 demonstrated a prominent structural influence 

on alveolar BMEC, and the effect was sustained throughout the 96-hour culture period. 

While these results are preliminary in nature, the structural effects of PGE2 on alveolar 

diameter can be stated with confidence, as the response was consistent and reproducible 

across all timepoints and all cultures tested.  Given the novelty of 5-HT involvement, and 

relative lack of data on PGE2, in mammary gland growth and differentiation, it is 

difficult to assess whether there is a relationship between these two molecules.  One 

possible point of convergence, however, is α-lactalbumin.  While the physical force 

driving PGE2-induced luminal expansion remains an uncertainty, one likely explanation 

is that PGE2 is stimulating an increase in lactose synthesis, which would drive volumetric 

increases in the alveolar lumen.  While the secretory response of the cultured BMEC 

remains a question, those conclusions were based largely on lipid secretion, which occurs 

exocytotically and is more easily identified in the electron micrographs.  Biochemical or 

immunohistochemical detection assays will have to be conducted to assess whether 

lactose is being actively secreted in the lumen.  Regardless, the possibility that PGE2 is 

driving lactose synthesis would inherently suggest that α-lactalbumin is upregulated.  

Interestingly, PGE2 was found to block inhibition of α-lactalbumin (protein) synthesis 
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and accumulation in differentiating mammary gland culture (Terada et al., 1982).  Based 

on the model proposed in Chapter 5, the end result of 5-HT-mediated negative feedback 

is inhibition of α-lactalbumin.  Hence, a correlative relationship exists between PGE2 

and serotonin in differentiated BMEC.  And while this model is speculative, the 

functional parallels to what might be happening in vivo  during stage II lactogenesis is 

quite revealing.  Assuming the model is correct, the periparturient surge in prolactin 

would consequently drive the production of 5-HT, which following the initial wave of 

milk secretion would begin to elicit its negative feedback effect.  This would be 

inevitable due to the accumulation of milk in the lumen in the days between the secretory 

activation phase and first milk removal following parturition.  Given the importance of 

lactogenesis stage II to the subsequent lactation capacity, any form of inhibition during 

this period could be detrimental.  Returning to what we know, there is a periparturient 

surge in prostaglandin E2 in the mammary gland, which coincides with the 

aforementioned PRL surge.  Under the current speculative model, PGE2 would 

essentially block the negative feedback by preventing serotonin inhibition of α-

lactalbumin.  Whether or not these proposed mechanisms exist in the lab and (or) in 

nature will require subsequent experimentation.

Returning now to the patterns of genomic regulation observed during BMEC 

differentiation (Chapter 3), the second major focus (the first was hormonal) was the 

structural influence brought about by releasing the collagen gel.  The importance of ECM 

when conducting in vitro cultures to study MEC growth and differentiation has been 

reaffirmed to the point that it is no longer questioned.  However, simply providing an 
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ECM has proven to be less than robust, as various ECM have shown different capacities 

for permitting and (or) promoting lactogenesis in vitro.  For BMEC cultured with 

collagen gels generated from rat-tail tendons (primarily Type I collagen), it was 

suggested that differentiation was more successful when the cells were cultured on the 

gel as opposed to embedded within it.  It was also discovered that floating (detached) gels 

promoted a much greater lactogenic response in terms of milk synthesis and cell 

morphology.  In the current research described in Chapters 2 and 3, it is shown that 

detaching the gel is clearly the determining factor.  As a result, we sought to distinguish 

what genes might be regulated by the structural events associated with gel release.  Due 

in large part to the collective works of Bissell and co-workers over the past 25 years, a 

tremendous amount of insight has been gained into the relationship between mechanical 

signals and gene regulation in mammary epithelial cells.  Therefore, while a part of the 

objective described in Chapter 3 was to possibly identify some of the genes regulated by 

the biomechanics of cell-ECM interaction during differentiation, the bigger goal was to 

characterize the more global trends in the regulatory relationship between hormonal and 

structural signals.  

As described in Chapter 3, three programs were suggested to characterize the 

patterns of genomic regulation as determined by one or more of the treatments.  The 

program listed second was intended to represent genes that were regulated by PRL and 

(or) gel release independently, but also regulated by the full lactogenic complex (included 

both PRL and gel release), which represented “complete” differentiation.  These genes, of

which there were 29 total, were considered to be the essential, or “core”, lactogenic genes 
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for in vitro BMEC differentiation.  Accordingly, the list includes genes associated with 

lobule-alveolar development, cell adhesion and junctional complexes, polarization, milk 

protein synthesis, positive lactogenic feedback, Golgi organization, ER/Golgi 

development and protein transport, milk fat droplet enveloping and secretion, and 

intracellular vesicle transport, all of which were up-regulated.  In fact, only 5 (of the 29) 

genes were down-regulated, two of which encoded ribosomal proteins and one (calpain 

II) involved in cleaving E-cadherin and leading to decreased interepithelial adhesion.  

Insomuch as the induction of gene expression is accomplished either by removing a 

restraining element (negative mode of control) or by providing a stimulatory element 

(positive mode of control), it would appear that gene regulation induced by hormonal and 

mechanical signaling events is regulated using positive control.  

Another point of interest in program 2 was the additive relationship between PRL 

and gel release, graphically illustrated in Cluster 7.  What was particularly surprising, 

though, was the fact that very few genes were associated with this cluster, as it was 

suspected that the two treatments would commonly act in synergy to induce BMEC 

differentiation.  This prompted consideration of other possibilities, and led to the 

characterization of program 3, which ultimately contributed to a number of final 

conclusions.  Before the third program of genomic regulation was determined, the 

possibility was addressed that in some cases each treatment alone might not be significant 

in terms of regulating gene expression, but in combination, PRL and gel release could 

converge and synergistically induce expression of the necessary genes.  However, this 

became an unlikely scenario when it was discovered that the vast majority (14 out of 19) 
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of the genes significantly regulated by the full lactogenic treatment (PRL + gel release) 

were down-regulated.  This realization offered a different explanation as to how the 

biochemical and mechanical signals cooperate during lactogenesis.  Under this scenario, 

now referred to as program 3, it is the resulting phenotype itself (differentiated MEC) that 

regulates gene expression, not the signals that contributed to the phenotype.  The 

aforementioned “core” genes (program 2) respond to the biochemical and mechanical 

signals and cooperatively drive MEC differentiation.  Once the cell has recognized that it 

is (or should be) committed to differentiation, the developing phenotype signals back, 

essentially instructing the cell to down-regulate expression of the inhibitory signals and 

“remove the brakes” that would otherwise prevent a complete transition to lactogenesis.  

This is schematically similar to what is observed in vivo, where complete differentiation 

depends on the removal of progesterone and subsequently, any other signals that prevent 

premature initiation of the secretory phase of lactogenesis.  Furthermore, this relationship 

between structure and function reflects nicely on the theory of dynamic reciprocity, 

which was introduced during the early 1980s in the context of mammary differentiation 

(Bissell, 1982).  An excerpt from a later study (Bissell and Aggeler, 1987) examining this 

theory retrospectively brings us full circle: “We further show that both ECM and 

lactogenic hormones influence cell shape and polarity of mammary epithelial 

cells…consistent with a model of Dynamic Reciprocity where the ECM is postulated to 

exert an influence on gene expression via transmembrane proteins and cytoskeletal 

components.  Cytoskeleton, in turn, is associated with polyribosomes, affecting mRNA 

stability and rates of protein synthesis…We postulate that hormones and ECM act 
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synergistically to complete the ‘reciprocity’ loop.”  In a report several years later 

(Roskelley and Bissell, 1995), the relationship is clarified further as it is suggested the 

individual mechanical and biochemical signals are part of a complex signaling hierarchy 

that leads to the emergence of the fully functional lactation phenotype.  From the research 

generated as part of this dissertation, we not only reaffirm the concept of dynamic 

reciprocity, but we provide the associated transcriptomic profiles and the patterns of 

genomic regulation that underlie bovine MEC differentiation.  
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APPENDIX A:  DIFFERENTIALLY EXPRESSED GENES FROM LACTOGENESIS STUDY (CHAPTER 3)

Stimulated:

GeneID Description Function Reference(s) Stimulated 
By:

Cluster

3856 B.taurus gene for alpha-S1-casein milk protein All 7
2896 Bos taurus ATPase, H+ transporting, 

lysosomal (vacuolar proton pump), 
member J (ATP6J)

All 7

2894 Bos taurus bcnt, h-type bcnt genes cell adhesion, cell shape www.godatabase.org All 2
1821 Bos taurus heat shock 10kDa protein 1 

(chaperonin 10) (HSPE1)
MEC invasiveness Kluger et al., 2004 All 2

3663 Bos taurus kappa casein (CSN3) gene, 
CSN3-B allele

milk protein All 9

1586 Bos taurus prolactin precursor (PRL) Lactogen All 7
2919 Homo sapiens chemokine (C-X-C motif) 

ligand 12 (stromal cell-derived factor 1) 
(CXCL12)

cell migration, axon extension, 
organogenesis

www.godatabase.org All 2

2696 Homo sapiens claudin-1 MEC tight junctions (differentiation 
and polarity) (Wnt p-way)

Mankertz et al., 2004 All 7

1355 Homo sapiens golgi reassembly stacking 
protein 1, 65kDa (GORASP1)

Golgi organization and biogenesis www.godatabase.org All 7

467 Homo sapiens G-rich RNA sequence 
binding factor 1 (GRSF1)

RNA binding www.godatabase.org All 7

2918 Homo sapiens nuclear receptor subfamily 
3, group C, member 1 (glucocorticoid 
receptor) (NR3C1)

MEC differentiation All 2

2461 Homo sapiens VEGF co-regulated 
chemokine 1 precursor (VCC1)

All 9

1762 Mus musculus sorting nexin 5 (Snx5) ser/cys protease inhibitor www.godatabase.org All 2
2889 Bos taurus mRNA for similar to ribosomal 

protein L9, partial cds, clone: ORCS12906
All 2
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2521 Bos taurus chitinase-like protein 1 (CLP-1) low-abundance protein in 
colostrum

Yamada et al., 2002 Both 11

2056 Bovine beta-casein gene milk protein Both 7
2857 Homo sapiens HSPC008 heat shock protein, cognate?? Both 3
2369 Homo sapiens spectrin, alpha, non-

erythrocytic 1 (alpha-fodrin)
cytoskeleton: apicobasal 
organization

Hofer et al., 1998 Both 11

2851 Ovis aries KRT15 gene keratin?? Both 3
966 Bos taurus clusterin (CLU) mammary tissue ECM component Schedin et al., 2004 Gel 9

2136 Homo sapiens APG3 autophagy 3-like (S. 
cerevisiae) (APG3L)

acinar morphogenesis- lumen 
formation ("hollowing")

Mills et al., 2004 Gel 6

4512 Homo sapiens FK506 binding protein 2, 
13kDa (FKBP2), transcript variant 2

cytoplasmic protein folding, 
peptidyl-prolyl isomerase activity

www.godatabase.org Gel 6

326 Homo sapiens hydroxysteroid (17-beta) 
dehydrogenase 7 (HSD17B7)

prevents HC-responsive 
premature milk production; 
cholesterol biosynthesis (located 
in ER)

Quirk et al., 1990; 
www.godatabase.org

Gel 6

55 Homo sapiens SM-11044 binding protein Gel 9
995 Ig C gamma =IgG2a heavy chain constant 

region {CH1-CH3 domains, hinge region} 
Ig Gel 6

4511 Bos taurus ribosomal protein S2 mRNA, 
partial cds

Gel 9

4504 Bos taurus EF1A mRNA for elongation 
factor 1 alpha

Translation Gel/Both 9

79 Bos taurus milk lysozyme secreted milk component Gel/Both 9
2437 Bos taurus xanthene dehydrogenase 

(XDH)/xanthine oxidoreducutase (XOR)
milk fat droplet enveloping and 
secretion

Vorbach et al., 2002 Gel/Both 9

3862 Homo sapiens fibroblast growth factor 
receptor 1 (fms-related tyrosine kinase 2, 
Pfeiffer syndrome)

morphogenesis www.godatabase.org Gel/Both 9

984 B.primigenius mRNA for alpha-cop coat 
protein

ER-Golgi protein transport Watson et al., 2005 PRL 6
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4473 B.taurus immunoglobulin light chain Ig PRL 2
4497 Bos taurus beta-actin (ACTB) Cytoskeletal PRL 2
2425 Bos taurus beta-actin (ACTB) Cytoskeletal PRL 2
4455 Bos taurus casein alpha-S1 (CSN1S1) milk protein PRL 2
3345 Bos taurus NADH dehydrogenase 

(ubiquinone) 1 alpha subcomplex, 4, 9kDa 
(NDUFA4)

directly proportional to milk 
productivity in cows

Koiianongo, 1984 PRL 4

1750 Bos taurus pleiotrophin [heparin binding 
growth factor 8, neurite growth-promoting 
factor 1] (PTN)

secreted milk component, 
mammary homeostasis

Bernard-Pierrot et al., 
2004

PRL 2

3780 Bovine beta-casein gene milk protein PRL 4
1182 Bovine beta-casein gene milk protein PRL 11
3315 Homo sapiens autocrine motility factor 

receptor (AMFR), transcript variant 1
cell motility, signal transduction www.godatabase.org PRL 4

4449 Homo sapiens basic leucine zipper and 
W2 domains 1 (BZW1)

transcription/translation regul.; 
G1/S specific txpn

www.godatabase.org PRL 2

3762 Homo sapiens calmodulin 1 
(phosphorylase kinase, delta) (CALM1)

Calcium binding, GPCR signaling 
p-way

www.godatabase.org PRL 4

2115 Homo sapiens cell-cycle and apoptosis 
regulatory protein 1

apoptosis (positive regulator) www.godatabase.org PRL 4

2888 Homo sapiens enolase 1, (alpha) protein binding www.godatabase.org PRL 2
2910 Homo sapiens H3 histone, family 3A DNA binding PRL 2
993 Homo sapiens methionine-tRNA 

synthetase (MARS)
rRNA transcription www.godatabase.org PRL 4

3328 Homo sapiens replication protein A2 
(32kD) (RPA2)

DNA-directed RNAP activity (DNA 
replication)

www.godatabase.org PRL 2

4457 Homo sapiens splicing factor, 
arginine/serine-rich 3 (SFRS3)

RNA binding www.godatabase.org PRL 2

999 Homo sapiens syndecan binding protein 
(syntenin)

metabolism, oxidoreductase 
activity; Ras signal transduction

www.godatabase.org PRL 2
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3654 PREDICTED: Pan troglodytes DEAD (Asp-
Glu-Ala-Asp) box polypeptide 48

PRL 4

3786 PREDICTED: Pan troglodytes esterase 
D/formylglutathione hydrolase

PRL 4

3333 Rattus norvegicus galactokinase 1 galactose metabolism www.godatabase.org PRL 4
3797 Ovis aries ribosomal protein S25 mRNA, 

complete cds
PRL 2

4485 Homo sapiens ribosomal protein S5 
(RPS5), mRNA

PRL 2

3279 Homo sapiens ribosomal protein L35a 
(RPL35A), mRNA

PRL 2

3303 Homo sapiens ribosomal protein S6, 
mRNA (cDNA clone IMAGE:3545844), 
partial cds

PRL 4

4146 Bos taurus clone B5D8 immunoglobulin 
heavy chain constant region

Ig PRL/Both 4

4216 Bos taurus partial mRNA for GABA-A 
receptor-associated protein (gabarap 
gene)

microtubule cytoskeleton, Golgi 
and intracellular protein transport

www.godatabase.org PRL/Both 11

706 Bos taurus xanthene dehydrogenase 
(XDH)/xanthine oxidoreducutase (XOR)

milk fat droplet enveloping and 
secretion

Vorbach et al., 2002 PRL/Both 11

4205 Canis familiaris Sec61 beta subunit 
(Sec61b)

protein translocation across RER Raden et al., 2000 PRL/Both 11

2352 Homo sapiens carbon catabolite 
repression 4 protein (KIAA1194)

PRL/Both 4

4170 Rattus norvegicus galanin receptor GALR1 augments lobulealveolar develop 
(concerted w/ PRL)

Naylor et al., 2003 PRL/Both 4

998 Bos taurus enolase 1 (ENO1) protein binding www.godatabase.org PRL/Gel 2
1004 Bos taurus serine protease (HTRA) proteolysis and peptidolysis, 

stress response
www.godatabase.org PRL/Gel 2

4445 Bos taurus xanthene dehydrogenase 
(XDH)/xanthine oxidoreducutase (XOR)

milk fat droplet enveloping and 
secretion

Vorbach et al., 2002 PRL/Gel 6
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4456 Bos taurus xanthene dehydrogenase 
(XDH)/xanthine oxidoreducutase (XOR)

milk fat droplet enveloping and 
secretion

Vorbach et al., 2002 PRL/Gel 9

3676 Homo sapiens annexin A5 (ANXA5) phospholipase inhibitor (binds 
phospholipids; and Ca)

www.godatabase.org PRL/Gel 2

3734 Homo sapiens similar to neuroblast 
differentiation associated protein

PRL/Gel 9

4419 Homo sapiens signal recognition particle 
68kDa

protein-ER/membrane targeting www.godatabase.org PRL/Gel 2

961 Homo sapiens synaptophysin-like protein 
(SYPL), transcript variant 2

vesicle transmembrane 
glycoprotein

Brouwer et al., 1998 PRL/Gel 2

994 Homo sapiens Wilms tumor 1 associated 
protein (WTAP), transcript variant 3

Txp'nal activator of amphiregulin, 
which is bEGF (basically)

Berquin et al., 2001 PRL/Gel 2

971 Homo sapiens zinc finger and BTB domain 
containing 12 (ZBTB12)

unknown www.godatabase.org PRL/Gel 9

968 PREDICTED: Pan troglodytes similar to 
matriptase; suppression of tumorigenicity 
14 (colon carcinoma); membrane-type 
serine protease; serine protease TADG-15;

ECM-degrading protease system Oberst et al., 2001 PRL/Gel 2

974 Sus scrofa muscle phosphohexose 
isomerase (GPI)

glycolysis PRL/Gel 2

1791 Homo sapiens ribosomal protein L18 
(RPL18), mRNA

PRL/Gel 2

1797 Homo sapiens ribosomal protein L8, 
mRNA (cDNA clone IMAGE:4650537)

PRL/Gel 2

4486 Homo sapiens similar to ribosomal protein 
S6 (H. sapiens) (LOC

PRL/Gel 2
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Repressed:

GeneID Description Function Reference(s) Repressed 
By:

Cluster

2681 Homo sapiens ribosomal protein S11, mRNA All 8
3641 PREDICTED: Pan troglodytes similar to 

ribosomal protein L38 (LOC454861), mRNA
All 13

1038 B.taurus mRNA, alternative polyadenylation 
signals

RNA binding self explanatory Both 6

3300 Bos taurus annexin A2 (ANXA2) cell-cell adhesion; facilitating 
bovine lactation

Kirshner, 2003;  
Wheeler, 1997

Both 8

201 Bos taurus beta-actin (ACTB) cytoskeletal common Both 6
3360 Bos taurus heat shock 70 kDa protein 8 

(HSPA8)
protein binding/refolding www.godatabase.org Both 8

3427 Bos taurus immunoglobulin J chain (IGJ) Ig self explanatory Both 12
3312 Bos taurus mRNA for elongation factor 1 alpha translation common Both 8
309 Bos taurus secreted frizzled-related protein 1 

(SFRP1)
ECM/cell adhesion; involution 
(Wnt p-way)

Lee, 2004; Lacher, 
2003

Both 8

4422 Bos taurus secreted protein, acidic, cysteine-
rich [osteonectin] (SPARC)

calcium binding, ECM protein 
(cell adhesion?)

www.godatabase.org Both 6

4434 Ig C gamma =IgG2a heavy chain constant 
region {CH1-CH3 domains, hinge region} 
[cattle]

Ig self explanatory Both 6

3282 Homo sapiens mitochondrial carrier homolog 1 
(C. elegans)

Both 6

2276 Homo sapiens splicing factor, arginine/serine-
rich 10 (transformer 2 homolog, Drosophila) 
(SFRS10)

RNA binding www.godatabase.org Both 8

3397 Mus musculus Der1-like domain family, 
member 1 (Derl1)

ER membrane receptor for 
protein catabolism (peptidase) 
response

www.godatabase.org Both 8

2403 Rattus norvegicus tubulin, beta 5 (Tubb5) microtubule-dependent protein 
secretion

Rennison et al., 1992 Both 8
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2177 Ovis aries ribosomal protein S26 mRNA, 
complete cds

Both 8

1329 Homo sapiens ribosomal protein, large, P1, 
transcript variant 1

Both 6

3557 Bos taurus decorin (DCN) ECM remodelling Santra et al., 2000 Gel 12
1411 Bos taurus gene for Trappin-6 Gel 3
4571 Bos taurus lysozyme 3 (LYZ3) secreted milk component common Gel 3
2388 Bovine epidermal cytokeratin (type II) 

component IV
Gel 11

2219 Homo sapiens caspase 6, apoptosis-related 
cysteine protease (CASP6), transcript variant 
alpha

involution Jung et al., 2004 Gel 11

2545 Homo sapiens vacuolar protein sorting 35 
(yeast)

vacuolar protein processing www.godatabase.org Gel 11

1098 PREDICTED: Pan troglodytes chaperonin 
containing TCP1, subunit 5 (epsilon)

chaperone for unfolded protein; 
cytoskeletal

www.godatabase.org Gel 3

2527 Sus scrofa gelatinase A (MMP-2) branching morphogenesis 
(inhib'd by lactogens)

Lee et al., 2001 Gel 11

2279 Homo sapiens ribosomal protein, large, P1, 
transcript variant 1, mRNA

Gel 3

3452 B.taurus calpain II regulatory subunit cell adhesion, cleaves E-
cadherin (I.e., dec's 
interepithelial adhesion)

Rios-Doria et al., 2003 Gel/Both 8

47 Homo sapiens neuronatin (NNAT), transcript 
variant 2

ion channel 
transport/modulation- glucose 
uptake/insulin secretion

Chu and Tsai, 2005 Gel/Both 13

2472 Homo sapiens sterol carrier protein 2 (SCP2), 
transcript variant 2

acyl-CoA metabolism; 
peroxisome organization

www.godatabase.org Gel/Both 13

2112 Bos taurus common salivary protein BSP30, 
form a (BSP30A)

might be ortholog of casein pubmed query PRL 1

935 Bos taurus EF1A; elongation factor 1 alpha translation self explanatory PRL 5
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2086 Bos taurus lysozyme, macrophage (LYZ) secreted milk component common PRL 1
947 Bos taurus NADH dehydrogenase 

(ubiquinone) 1 beta subcomplex, 8, 19kDa 
(NDUFB8)

directly proportional to milk 
productivity in cows

Koiianongo, 1984 PRL 5

1993 Bovine mRNA fragment for cytokeratin A (no. 
8)

epithelial cell PRL 10

2075 Homo sapiens actin, alpha 1, skeletal muscle myoepithelial cell, cytoskeletal PRL 1
4379 Homo sapiens annexin A5 (ANXA5) phospholipase inhibitor (binds 

phospholipids; and Ca)
www.godatabase.org PRL 5

1708 Homo sapiens AP2 associated kinase 1 PRL 1
1690 Homo sapiens Bcl-2 inhibitor of transcription 

(Bit1)
bcl-2 inhibits apoptosis in MEC Wareski et al., 2001 PRL 1

1688 Homo sapiens guanine monphosphate 
synthetase

GMP synthesis self explanatory PRL 1

3145 Homo sapiens lectin, galactoside-binding, 
soluble, 3 (galectin 3) (LGALS3)

upregulated in NONapoptotic 
cells during involution

Mengwasser et al., 
2002

PRL 1

4396 Homo sapiens NEDD9 interacting protein with 
calponin homology and LIM domains

myoepithelial cell (smooth 
muscle)

PRL 1

2099 Homo sapiens poly(A) binding protein, 
cytoplasmic 1

RNA binding self explanatory PRL 1

941 Homo sapiens Ras suppressor protein 1 Ras = mitogenic signal 
transduction pway

Cerrito et al., 2004 PRL 5

4349 Homo sapiens SMC1 structural maintenance 
of chromosomes 1-like 1 (yeast) (SMC1L1)

transmembrane movement of 
substances (ATPase activity)

www.godatabase.org PRL 5

777 Homo sapiens tropomyosin 1 (alpha) (TPM1) cytoskeletal activity (in human 
and mouse MEC)

Bhattacharya et al., 
1990

PRL 10

1706 Mus musculus CD200 receptor 1 (Cd200r1) plasma membrane receptor www.godatabase.org PRL 1
2069 Mus musculus necdin (Ndn) cytoskeletal (tubulin)-binding; 

txpn'al regulation
www.godatabase.org PRL 1

911 Mus musculus S100 calcium binding protein 
A6 (calcyclin)

protein binding www.godatabase.org PRL 5

1697 Mus musculus Sec61, alpha subunit 2 protein translocation across RER Raden et al., 2000 PRL 5
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1724 Ovis aries (clone 27) type II small proline-rich 
protein

PRL 1

1719 PREDICTED: Homo sapiens U2-associated 
SR140 protein (SR140)

PRL 1

3927 PREDICTED: Pan troglodytes myosin, heavy 
polypeptide 8, skeletal muscle, perinatal

myoepithelial cell PRL 10

1699 PREDICTED: Pan troglodytes similar to beta-
tropomyosin

cytoskeletal activity (in human 
and mouse MEC)

PRL 5

4378 PREDICTED: Pan troglodytes similar to DOM-
3 homolog Z; DOM-3 (C. elegans) homolog Z

unknown www.godatabase.org PRL 1

1676 PREDICTED: Pan troglodytes similar to 
dynactin 3 isoform 1; dynactin light chain

ER-Golgi protein transport Watson et al., 2005 PRL 1

1726 Phospholipase A2, membrane associated 
precursor (Phosphatidylcholine 2-
acylhydrolase) (Group IIA phospholipase A2) 
(GIIC sPLA2) (Non-pancreatic secretory 
phospholipase A2) (NPS-PLA2)

mediates EGF/TGF-a induced 
mitogenesis in late pregnancy, 
prevents premature milk 
production

Spitzer et al., 1995 PRL 1

4384 Rattus norvegicus microsomal glutathione S-
transferase 1 (Mgst1)

metabolism of glutathione www.godatabase.org PRL 1

1700 Bos taurus ribosomal protein S28-like protein 
mRNA, partial cds

PRL 1

959 Homo sapiens ribosomal protein L41, 
pseudogene 1 (RPL41P1) on chromosome 20

PRL 5

2081 PREDICTED: Pan troglodytes similar to 
ribosomal protein L31 (LOC462068), mRNA

PRL 1

958 Homo sapiens LR8 (LR8) PRL 1
4390 Bos taurus ribosomal protein S29 (RPS29) PRL 1
1705 Homo sapiens ribosomal protein S24 (RPS24), 

transcript variant 1, mRNA
PRL 3

3258 B.taurus mRNA for immunoglobulin light chain Ig self explanatory PRL/Gel 5
3246 Bos taurus EF1A mRNA for elongation factor 1 

alpha
translation self explanatory PRL/Gel 5
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1151 Bos taurus foveolin precursor (FOV), renamed 
gastrokine1 

PRL/Gel 3

192 Bos taurus foveolin precursor (FOV), renamed 
gastrokine1

PRL/Gel 13

3264 Bos taurus immunoglobulin IgA heavy chain 
constant region gene

Ig self explanatory PRL/Gel 5

960 Bos taurus matrix Gla protein (MGP) branching morphogenesis; 
mammary metastasis

Gilbert et al., 2004, 
2003

PRL/Gel 5

1139 Bos taurus mRNA for putative bTrappin-5 PRL/Gel 3
3252 Bos taurus MyHC-2a mRNA for myosin heavy 

chain 2a
myoepithelial cell? PRL/Gel 5

3598 Bos taurus prolactin (PRL) lactogen common PRL/Gel 13
2076 Bos taurus thymosin beta 4 branching morphogenesis/ductal 

growth (not MEC)
Grant et al., 1995 PRL/Gel 5

180 Bovine monocyte chemoattractant protein-1 
(MCP-1) gene exons 1-3

GPCR binding www.godatabase.org PRL/Gel 13

1727 Bovine viral diarrhea virus-2 subgenome D4 
polyprotein

PRL/Gel 5

2094 Danio rerio mRNA for heparan sulfate 6-O-
sulfotransferase (hs6st gene)

likely involved with syndecan, 
Wnt1 p-way

Liu et al., 2003 PRL/Gel 5

4583 Homo sapiens FIP1 like 1 (S. cerevisiae) RNA binding www.godatabase.org PRL/Gel 3
2106 Homo sapiens glucosamine (N-acetyl)-6-

sulfatase (Sanfilippo disease IIID) (GNS)
metabolism www.godatabase.org PRL/Gel 5

1406 Homo sapiens myosin, heavy polypeptide 9, 
non-muscle (MYH9)

myoepithelial cell PRL/Gel 3

930 Homo sapiens protocadherin LKC (PC-LKC) cell-cell adhesion pubmed query PRL/Gel 5
1122 Homo sapiens RNA binding protein S1, serine-

rich domain (RNPS1), transcript variant 2
RNA binding self explanatory PRL/Gel 3

1711 Homo sapiens SWI/SNF related, matrix 
associated, actin dependent regulator of 
chromatin

txp'nal activation, chromatin 
remodeling, cell cycle regulation

www.godatabase.org PRL/Gel 5
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3228 Homo sapiens transforming growth factor, 
beta-induced, 68kDa (TGFBI)

inversely related to PRL 
(functionally & molecularly)

Rudolph et al., 2003 PRL/Gel 5

4374 Human mariner1 transposase gene PRL/Gel 5
1691 HUMP1BX Human secretory protein (P1.B) hump1bx PRL/Gel 5
2082 Mus musculus lactate dehydrogenase 1, A 

chain
glycolysis www.godatabase.org PRL/Gel 5

2088 Mus musculus lactate dehydrogenase 1, A 
chain

glycolysis www.godatabase.org PRL/Gel 5

3234 Dynein light chain 2A, cytoplasmic (Dynein-
assoc. prot Km23) (Bithoraxoid-like prot) (BLP) 
(HSPC162)

ER-Golgi protein transport Watson et al., 2005 PRL/Gel 5

4391 Bos taurus mRNA for similar to ribosomal 
protein L21

PRL/Gel 5

3240 Mus musculus ribosomal protein L37a 
(Rpl37a), mRNA

PRL/Gel 5

4029 Bos taurus ribosomal protein L24 (RPL24), 
mRNA

PRL/Gel 5

3610 Homo sapiens ribosomal protein S13, mRNA PRL/Gel 13
1115 Homo sapiens mitochondrial ribosomal protein 

L51 (MRPL51), nuclear gene encoding 
mitochondrial prot

PRL/Gel 3
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Changing:

GeneID Description Function Reference(s) Cluster
1140 B.taurus mRNA for protein phosphatase type 2A alpha 

catalytic subunit
PRL responsiveness; actin
assembly-integrin anchoring

Horvath et al., 1999; 
Suzuki et al., 2005

3

1134 Homo sapiens cytosolic iron-sulfur cluster scaffold 
protein Nfu

Structural www.godatabase.org 3

1128 Homo sapiens Kruppel-like factor 2 (lung) (KLF2) regulates expression of laminin 
(major ECM protein)

Miller et al., 2001 3

4421 Bos taurus heat shock 70 kDa protein 8 (HSPA8) protein binding/refolding www.godatabase.org 6
1026 Sus scrofa beta-catenin (CTNNB1) tight junctions, Wnt signaling; 

mammary [lobule-alveolar] 
development

Mankertz et al., 2004; 
Teuliere et al., 2005

6

4589 Bos taurus lysozyme c isozyme 2b secreted milk component common 3
1158 Homo sapiens signal recognition particle 68kDa protein-ER/membrane targeting www.godatabase.org 11
3437 Ovis aries (clone 26) small proline-rich protein 3
1056 Homo sapiens poly(A) binding protein, cytoplasmic 1 RNA binding self explanatory 6
308 Mus musculus ADP-ribosylation factor interacting 

protein 1 (arfaptin 1) (Arfip1)
intracellular protein transport/ 
secretion (located in Golgi)

www.godatabase.org 6

279 B.taurus mRNA for JSP.1 protein (aka Dusp22) phosphatase; JNK cascade; TGF-
beta Receptor signaling p-way

www.godatabase.org 1

1444 Homo sapiens SWI/SNF related, matrix associated, 
actin dependent regulator of chromatin, subfamily c, 
member 2 (SMARCC2)

txp'nal activation, chromatin 
remodeling, cell cycle regulation

www.godatabase.org 12

1364 PREDICTED: Pan troglodytes similar to ubiquitin-
conjugating enzyme E2E 3 (UbcM2)

3

677 Bos taurus enolase 1 (ENO1) protein binding www.godatabase.org 11
1981 Homo sapiens nucleobindin 1 (NUCB1) Golgi protein assoc'd w/ polarized 

MEC
Fialka et al., 1999 10

1429 Bos taurus milk lysozyme secreted milk component common 11
1417 Homo sapiens ribosomal protein L7 (RPL7), mRNA 11
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APPENDIX B:  DIFFERENTIALLY EXPRESSED GENES FROM HEAT STRESS STUDY (CHAPTER 4)

STIMULATED
GeneID Description Function Ref Up At: Cluster

786 Bos taurus APEX nuclease 
(multifunctional DNA repair enzyme) 1 
(APEX1)

DNA repair; 3'-5' exonuclease and 
base-excision repair

www.godatabase.org 2h & 4h 12

743 Bos taurus isolate FL405 mitochondrion 2h & 16h 1
3752 Felis catus clone E77 eukaryotic 

translation initiation factor 3 subunit k
translation self-explanatory 2h 4

3409 Homo sapiens Nedd4 family interacting 
protein 1 (NDFIP1)

protein ubiquitination; ubiquitin-
protein ligase activity

www.godatabase.org 4h & 16h 12

2059 Homo sapiens ORM1-like 1 (S. 
cerevisiae) (ORMDL1)

protein targeting, response to 
unfolded protein

www.godatabase.org 4h & 16h 1

3503 Homo sapiens, weakly similar to N-
CHIMAERIN

cell cycle arrest (beta2-chimaerin) Yang et al., 2005 4h & 16h 8

2994 Bos taurus complement component 4 
binding protein, alpha (C4BPA)

immune response; complement 
binding

www.godatabase.org 4h 12

414 Bos taurus proteolipid protein 2 (colonic 
epithelium-enriched) (PLP2)

linked to HS, hsp70 and retinoic 
acid; ion transport (located in ER)

Zhang et al., 2001; 
www.godatabase.org

4h 12

2397 Homo sapiens E-1 enzyme (MASA) enolase phosphatase Balakrishnan et al., 1993 4h 13
1155 Bos taurus chitinase-like protein 1 (CLP-

1)
cell death www.godatabase.org 16h 3

3748 Bos taurus mRNA for cathepsin C cell death www.godatabase.org 16h 1
3513 Bos taurus myosin, light peptide 6, alkali, 

smooth muscle and non-muscle (MYL6)
myogenesis 16h 1

1257 Homo sapiens WD repeat endosomal 
protein

numerous WDR variants www.godatabase.org 16h 1

173 Mus musculus mRNA for mKIAA1439 
protein

16h 3

285 PREDICTED: Pan troglodytes similar to 
keratin 17 (LOC454470)

16h 1
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REPRESSED
GeneID Description Function Ref Down At: Cluster

3883 Homo sapiens sec1 family domain containing 1 
(SCFD1), transcript variant 2

stress response, syntaxin binding, 
vesicle-mediated transport

Matsuo et al., 1997; 
www.godatabase.org

All hrs 6

114 Bos taurus lactoferrin [lactotransferrin] (LTF) secreted protein in cultured MEC Rose et al., 2002; 
several others

2h & 4h 10

3953 Homo sapiens retinoic acid receptor, alpha 
(RARA)

branching morphogenesis in MEC 
cultured in collagen

Offterdinger et al., 2003 2h & 4h 2

208 Human phosphotyrosine independent ligand 
p62B B-cell isoform for the Lck SH2 domain

2h & 4h 10

4229 Bos taurus mRNA for putative protein-O-
fucosyltransferase (fut13 gene)

4h & 16h 6

523 Bos taurus prolactin (PRL) lactogen 4h & 16h 6
2908 Bos taurus clone B5D8 immunoglobulin heavy 

chain constant region
Ig self-explanatory 4h 6

2331 Bos taurus complement component C4 mRNA, 
clone pCUT 78

4h 2

1411 Bos taurus gene for Trappin-6 4h 6
1456 Bos taurus lactalbumin, alpha (LALBA) milk synthesis and secretion 4h 2
2309 Bos taurus nuclease sensitive element binding 

protein 1 (NSEP1)
transcription www.godatabase.org 4h 2

3055 Bos taurus solute carrier family 25 member 6 
(SLC25A6)

membrane (esp. MT) solute/ion 
transport

www.godatabase.org 4h 2

2637 Bovine mRNA for preprolactin lactogen 4h 2
593 Homo sapiens BRCA1 interacting protein C-

terminal helicase 1 (BRIP1)
transcription regulation (neg & 
pos); DNA damage repair

Wang et al., 2000; 
www.godatabase.org

4h 10

4512 Homo sapiens FK506 binding protein 2, 13kDa 
(FKBP2), transcript variant 2

cytoplasmic protein folding, 
peptidyl-prolyl isomerase activity

www.godatabase.org 4h 2

2321 Homo sapiens glutamate dehydrogenase 1 
(GLUD1)

glycolysis (Kreb cycle) 4h 2
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REPRESSED
GeneID Description Function Ref Down At: Cluster

4050 Homo sapiens LAG1 longevity assurance 
homolog 2 (S. cerevisiae), transcript variant 2

cell aging, biological fitness, 
ceramide synthesis, cell life span

Jazwinski and 
Conzelmann, 2002

4h 6

3952 Homo sapiens pyruvate dehydrogenase 
kinase, isoenzyme 4 (PDK4)

glycolysis 4h 6

3826 Homo sapiens transmembrane protein 23 
(TMEM23)

4h 2

2332 Rattus norvegicus G protein-coupled receptor 
108 (Gpr108)

G-protein signaling 4h 2

2438 Bos taurus butyrophilin, subfamily 1, member 
A1 (BTN1A1)

transport of basic amino acids www.godatabase.org 16h 11

652 Bos taurus mRNA for similar to ribosomal 
protein S15a

protein biosynthesis self-explanatory 16h 11

1701 Bos taurus mRNA for similar to 
ubiquitin/ribosomal fusion protein

16h 11

3247 Bos taurus ubiquinol-cytochrome c reductase 
(6.4kD) subunit (UQCR)

electron transport chain (aerobic 
respiration), mitoch.

www.godatabase.org 16h 9

2411 Homo sapiens activity-dependent 
neuroprotector (ADNP), transcript variant 2

16h 11

1170 Homo sapiens PI-3-kinase-related kinase 
SMG-1

morphogenesis (genital) www.godatabase.org 16h 7

2412 Homo sapiens ribosomal protein L7-like 1 
(RPL7L1)

protein biosynthesis 16h 11

3792 Homo sapiens tubulin tyrosine ligase-like 
family, member 3 (TTLL3)

microtubule activity www.godatabase.org 16h 7

4200 Homo sapiens, Similar to protein tyrosine 
phosphatase, receptor type, D

16h 11
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CHANGING
GeneID Description Function Ref Cluster

3521 Homo sapiens glutathione S-transferase A4 
(GSTA4)

stress response (early)- protective; involved in 
lipid peroxidation

Yang et al., 2003 9

1369 Homo sapiens RB1-inducible coiled-coil 1 tumor suppressor Chano et al., 2004 3
2695 Bos Taurus cytochrome c oxidase subunit VIa 

polypeptide 2 (COX6A2)
electron transport chain (mitochond.) 5

1357 Bos Taurus decorin (DCN) ECM remodelling…growth suppress. & 
cytodifferentiation via EGF-R inhibition

Santra et al., 2000 5

571 Bos Taurus isolate FL405 mitochondrion 3
645 Bos Taurus laminin receptor 1 (ribosomal 

protein SA, 67 kDA) (LAMR1)
linked to hsp72; Ferrarini et al., 1994 4

1358 Bovine beta-casein gene milk protein 5
3998 Homo sapiens CD8 antigen, alpha polypeptide 

(p32), transcript variant 1
heat stress response protein Miller & Qureshi, 

1992
4

1204 Homo sapiens insulin-like growth factor binding 
protein 5 (IGFBP5)

inhibits IGF1-mediated survival and proliferation; 
mammary growth inhibition and involution

Tonner et al., 2000; 
Flint & Knight, 1997; 

9

1988 Homo sapiens Nedd4 family interacting protein protein ubiquitination; ubiquitin-protein ligase www.godatabase.org 9

4349 Homo sapiens SMC1 structural maintenance of 
chromosomes 1-like 1 (yeast) (SMC1L1)

transmembrane movement of substances 
(ATPase activity)

www.godatabase.org 7

3897 Homo sapiens solute carrier family 11 (proton-
coupled divalent metal ion transporters), 
member 1

ion transport self-explanatory 3

2233 Human Tigger1 transposable element 9
655 Ovis aries stratifin Proteasome degradation pathway (in response 

to DNA damage)
Fomenkov et al., 
2004

4

303 Homo sapiens low density lipoprotein-related 
protein 1 (alpha-2-macroglobulin receptor) 
(LRP1)

lipid metabolism and transport www.godatabase.org 9

668 Bos Taurus collagen, type I, alpha 2 (COL1A2) collagen synthesis and deposition self-explanatory 5
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APPENDIX C:  REAL-TIME PCR PRIMER SEQUENCES

Label Gene Forward primers (5’-3’) Reverse primers (5’-3’)
XD xanthene 

dehydrogenase
GAAGAACAGTTCCAATGGACCAC TAGCTCCTTTACCTGCATGCTTC

Cas β-casein GCTATGGCTCCTAAGCACAAAGA GGAAACATGACAGTTGGAGGAAG

FGFR Fibroblast 
growth factor 
receptor 1

CAGAGTGAAGATTTCCCAGAGGA GAGGACAACGTGATGAAGATCG

SYPL synaptophysin-
like protein

TTCGATGAAGTTGCTGTCTTGAG TGGCCCTGTACAACAGAAAGATT

PL pleiotrophin AACAAACCATGAAGACCCAGAGA ATTCTGCTTGAGGTTTGGACTTG
TB4 thymosin β4 AACGATTGAACAGGAGAAGCAAG TGAAAAGGGGTAGCACAGTCATT

CTGF connective tissue 
growth factor

AGCATGCTCACTGATCTGCCTAT TGCCACAAGCTGTCCAGTCTAAT

P2A protein 
phosphatase type 
2A

ATCACCATTCTTCGAGGAAATCA ACTTCTTGTAGGCGATCAAGTGC

MT Mitochondrial 
gene (FL405)

TCAACGTAGAATATGCAGCAGGA TGCTCGGATTCATAGGAAGGATA

Lac α-lactalbumin CTCTGCTCCTGGTAGGCATC ACA GAC CCA TTC AGG CAA AC

HSP70 heat shock 
protein 70 
(inducible)

CGTGCTCATCTTTGATCTGG TGGCTGATGTCCTTCTTGTG

TPH-1 tryptophan 
hydroxylase 1

AGAGAATTTACCAAGACAATCAAGC CTTAGCAAGGGCATCACTGAC

GAPDH housekeeper GATTGTCAGCAATGCCTCCT CCAGTGAGCTTCCCGTTG
S18 housekeeper AAACGGCTACCACATCCAAG TCGCGGAAGGATTTAAAGTG
HPRT1 housekeeper GAGAGTCCGAGTTGAGTTTGGAA GGCTCGTAGTGCAAATGAAGAGT



195

APPENDIX D:  STATISTICAL ANALYSIS OF MICROARRAY DATA

All raw data obtained from the microarray hybridizations contained herein was analyzed 
using a newly created program developed by Kevin Greer and James Hoying at the 
University of Arizona (Division of Biomedical Engineering).  Their efforts have resulted 
in a systematic approach that generates robust, statistically sound expression data from 
fluorescent-based microarrays. At the center of their strategy is a multivariate statistical 
analysis, which enables analysis of a variety of variables in a microarray study (i.e. time 
course, patient, condition, genotype, etc.) as well as account for main sources of 
experimental variance in the microarray data (array variation and dye biases). The 
analysis uses custom algorithms, coded in the statistical software environment “R” and 
called CARMA (Computational Analysis of Replicated Measures for Arrays), to readily 
implement a modification of an analysis of variance (ANOVA) linear statistical model. 
The CARMA-based implementation of the ANOVA analysis is currently being reviewed 
for publication in the journal, Bioinformatics.

The microarray data analysis approach is based on fitting spot intensity values to a linear 
ANOVA model. A number of recent reports have endorsed the ANOVA-based approach 
as a valid and powerful means for examining the usually noisy microarray data. The 
ANOVA model developed and described in a series of reports by Gary Churchill’s 
laboratory have been implemented in CARMA’s computations.  Technically, a linear 
ANOVA model is implemented with partitioned error to accommodate replications in 
printed spots. All data is transformed using the Linlog variance stabilization method, 
which utilizes a linear transformation at low intensities where additive error is dominant 
and a log transformation at high intensities where multiplicative error is dominant.  Data 
is then normalized for intensity and array position (column and row) by a lowess 
regression prior to fitting to the linear ANOVA model.

The basis for this approach is to fit the intensity values of each element on the hybridized 
microarray to a linear, additive ANOVA model that includes, along with the expression 
variable, variables accounting for array variation and dye variation. Only those elements
that have a corrected intensity (mean spot intensity - median local background intensity) 
greater than 2 standard deviations above background mean intensity are included in the 
fitting computations. The end result is an estimate of the expression level for every 
detected gene for each time-point independent from these sources of noise. 
Implementation of the CARMA-based analysis requires a unique experimental design in 
which RNA samples are experimentally interrelated based on the microarray 
hybridizations performed. The requirement of 2 SD over background pertains only to 
whether or not the expression (i.e. spot intensity) is measured with sufficient confidence 
(i.e. signal intensity is sufficiently greater than the noise floor). Differential expression is 
established from the ANOVA F-statistic and is derived during the fitting of the data to 
the model. Thus, as with any ANOVA, a difference in expression between any two 
samples (differences between the mean with variance) at a p < 0.05 significance level is 
considered differentially expressed. Therefore, the determination of differential 
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expression is based on the confidence of measured expression and not an arbitrary 
threshold or cutoff.

It is worth noting that this process does not generate LOD scores or pair-wise ratios in the 
calculations. Instead, data is extracted by ANOVA and then analyzed by novel adaptive 
statistical methods. First, differences in expression are determined by the ANOVA-
derived p value (based on an ANOVA F statistic). In effect, this approach depends on 
whether or not the expression of a gene between any two samples examined is different 
from each other. This takes into account the amount of variance in the measures as well 
as the magnitude of change in expression level. Once identified as differentially 
expressed, genes are included in the subsequent computations involving adaptive 
statistical modeling to identify predictive expression cohorts.

Finally, the model used is shown below, where ”I” refers to element intensity, “A” refers 
to the particular array that was used for the hybridization as well as the reagents used 
with that particular array in the hybridization process, “D” refers to variability caused by 
differences in fluorochrome behavior (i.e. coefficient of extinction, ease of incorporation, 
photobleachability, scanner sensitivity, etc.) and “V” refers to the experimental variable 
being examined (i.e. time point). It is the “V” parameter that represents the expression 
values of interest. The model states that the intensity of each gene is a function of the 
average intensity measured for all elements for that gene (µµµµ), the sources of variation 
around that mean (the variability parameters) and some error of measure (εεεε). Besides 
reducing the memory requirements of implementation to only a few megabytes, this 
gene-by- gene model does not assume equal variance between genes, a situation that has 
been observed with some microarray data.  This model does, however, assume 
independence between genes on the array. In performing the analysis, the microarray data 
is best-fit to the model using a least-square approach using CARMA. This produces 
calculated estimates of each parameter, including the “V” parameter, which represents 
the desired expression level measurement. It is this “V” term generated for each gene for 
each time-point (or treatment) that will be used in subsequent computational analyses.

In addition to the raw output data, CARMA also provides a separate file containing plots 
of various performance and statistical parameters for each gene.  An example is shown 
below.

ijkkjiijk VDAi εµ ++++=I ijkkjiijk VDAi εµ ++++=I
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APPENDIX E:  SUPPORT FOR BOVINE MICROARRAY

In conjunction with the development of the bovine 4,600-cDNA microarray described 
herein, a database and website were also created, providing both pre- and post-
experimental support.  Following the sequencing and functional annotation (by BLAST 
analysis) of the ESTs printed on the array, a database was designed by Susan Miller at the 
Biotechnology Computing Facility (BCF) at the University of Arizona.  The database 
was designed using MYSQL, and multiple web interfaces were created, each serving a 
distinct purpose.  All of the web-based support can be accessed via the homepage:

http://amadeus.biosci.arizona.edu/bovine

From this site, one of three links can be accessed.  First, users can conduct their own 
BLAST analysis against all available EST sequences represented on the bovine array.  
Second, users can conduct a quick search of the array ESTs by searching the database 
using one of the unique identifiers, such as Gene ID, as the query.  Non-specific search 
criterion can be used as well, for example, “M*” would retrieve all ESTs from the 
Mammary cDNA libraries; “M670*” would retrieve all ESTs from plate 670 of the
Mammary cDNA libraries.  In addition, users may chose to retrieve the sequence of any 
EST or group of ESTs, upon which the sequence(s) can be downloaded and saved.  
Thirdly, a link is available to “SCOOT”, which is the primary web-interface program for 
viewing the database, and all of the associated data that was generated by the BLAST 
analysis for each gene on the array.  It is worth noting that SCOOT will only display 
those sequences from the array for which a BLAST report was generated; i.e., a sequence
that was too short or not “clean” enough to pass the standard BLAST processing 
parameters, and therefore did not generate a BLAST report, will not be found in SCOOT.  
In addition, SCOOT is the only program of the three that requires a login and password to 
access.

The design and function of these resources are in their infancy, and are likely to change 
in the future.  However, this is the current status, and the website URL is not expected to 
change.
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