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Mammary Gland Development 
 

Brandy Patrice Huderson 

ABSTRACT 

The highly regulated maturation of the mammary gland is poorly understood.  Our studies were 

designed to further characterize the role of ovarian hormones, growth hormone (GH)/IGF axis 

proteins and extracellular matrix (ECM) in the growth and development of prepubertal 

mammary glands.  Prepubertal heifers were injected with either exogenous GH or subjected to 

ovariectomy (OVX).  Mammary parenchyma (PAR) and mammary fat pad (MFP) were 

harvested for DNA, protein, lipid, and western blot analysis.  Remaining tissues were preserved 

for histological staining or snap frozen for quantitative real-time PCR.  We examined 13 genes 

that work in conjunction with the extracellular matrix to regulate mammary proliferation and 

morphogenesis.  Administration of GH, while impacting composition of MFP, had no effect on 

expression of the selected genes; there was a decrease in expression of fibronectin in PAR.  

Ovariectomy had no effect on gene expression in MFP but decreased expression of epimorphin, 

a potent regulator of morphogenesis, in PAR.  In both experiments, the presence of a 55 kDa 

band corresponding to androgen converting enzyme aromatase was detected but its expression 

was unaffected. In another study, we used in vitro cell culture to evaluate the role of ECM in 

mammary gland maturation and employed quantitative real-time PCR to evaluate gene 

expression profiles of select genes involved in proliferation and differentiation.  Expression of 

Rac1 was decreased in response to bovine insulin (BI) but increased on collagen I (Col).  

Expression of aldehyde dehydrogenase was decreased in BI and serum on plastic and on Col in 

the presence of BI.  Expression of IGF binding proteins (BP) 3, -4, and -6 were decreased in the 

presence of serum on laminin (LM).  Also, IGF-BP2 expression was decreased on Col while 

IGF-BP6 was increased on LM with BI.  Clusterin, a ubiquitous non-adhesive ECM protein was 

not affected by ECM substrate but did increase over time.  In conclusion, we propose that the 

mammary gland is not able to respond to GH at this age and that while OVX did effect the 

expression of some genes, the presence of aromatase maintained local estrogen concentrations.  

Furthermore, ECM alone is insufficient to regulate mammary gland development and growth.
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CHAPTER I: REVIEW OF LITERATURE 

 

  INTRODUCTION 

The mammary gland is a dynamic organ in that it undergoes cyclic growth and 

development which involves functional differentiation followed by involution.  It is also unique 

compared with most organs in that the majority of its development occurs after birth.  Derived 

from the embryonic ectoderm and mesoderm, the mammary gland contains two major tissue 

elements, parenchyma and stroma.  Mature parenchyma is composed of three different types of 

epithelial cells: ductal, alveolar, and myoepithelial.  The ductal epithelium is necessary for 

transporting milk to the teat while alveolar epithelial cells synthesize and secrete milk. 

Myoepithelial cells surround the alveoli and express oxytocin receptors.  When stimulated, this 

network of cells forcibly contract, and eject milk from the teat.  The stromal portion of the 

mammary gland includes specific cells (fibroblasts, adipocytes, etc.) and extracellular matrix 

(ECM) components (collagens, proteoglycans, etc.) that support the epithelium.  Stromal cells 

also secrete molecules necessary for epithelial cell proliferation, survival and differentiation.  In 

the ruminant, association with the stroma is necessary for epithelial maturation (Sheffield et al., 

1988).  This is in contrast to the rodent model where the mammary fat pad is composed primarily 

of adipocytes and fibroblasts and is especially important for mammary gland development 

(Schedin et al., 2000).  In the ruminant, the mammary fat pad is prominent only in early 

development (Hovey et al., 1999; Ellis, 1998).  Mammary gland development progresses through 

five major steps: embryonic, prepubertal, pregnancy, lactation and involution (Richards et al., 

2004; Suchyta et al., 2003).  During embryonic development ectodermal cells invade the 

mesenchyme.  At birth, the mammary gland consists of little more than fat pad and stroma, with 
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immature ducts extending from the teat to the fat pad (Akers, 2002; Robinson et al., 2000). 

Prepubertal development is characterized by allometric growth with extension and branching of 

ducts to fat pad limits in rodents (Robinson et al., 2000) but more compact dense development in 

ruminants (Meyer et al., 2006).  Structural maturation of the gland is not achieved until late 

gestation when the hormones of pregnancy, namely estrogen and progesterone, direct extensive 

ductal elongation and side branching, respectively (Topper and Freeman, 1980; Tucker, 1981; 

Tucker, 2000; Akers, 2002).  

 

EXTRACELLULAR MATRIX 

 The ECM is a complex structure that provides both positional and environmental cues to 

associated parenchymal cells.  The ECM includes elements that are part of the stromal tissue 

adjacent to the epithelium and the basal membrane (BM) that is directly associated with the 

epithelium.  The stromal tissue is a porous framework that provides structure while still 

facilitating alveolar ductal development.  The BM is a sheet-like structure that separates layers of 

epithelial cells from their surroundings.  The BM functions in physical and biochemical support 

and also forms a barrier that prevents unregulated movement of macromolecules between 

separated layers of cells.  

The ECM is mostly composed of proteins and proteoglycans.  The major ECM structural 

protein is collagen.  Collagen (Col) is the most abundant mammalian protein and is characterized 

by its strong regularly oriented fibers.  There are 12 types of collagen and most are synthesized 

by fibroblasts.  Fibronectin (FN) is another structural protein that functions to attach cells to 

other cells or other ECM molecules.  Laminin (LN) is a specialized protein that is a major 



3 
 

component of the BM and is responsible for the attachment of epithelial cells.  In terms of the 

mammary gland, most ECM proteins are synthesized and secreted by the stromal cells. 

Until recently, it was thought that the primary role of the ECM was structural support.  It 

is now known that the ECM is vital in regulating cell proliferation and morphogenesis.  After 24 

h mammary epithelial cells cultured on Col IV, FN or LN showed significantly higher levels of 

Epidermal Growth Factor (EGF) receptor expression, movement and survival (Woodward et al., 

2000).  Woodward et al., 2000, showed that ECM proteins impact the response of mouse 

mammary epithelial cells to growth factors.  In the presence of insulin-like growth factor I (IGF-

I) and EGF mouse mammary epithelial cells showed a 2- to-3-fold increase in proliferation when 

cultured on Col I, Col IV, FN or LN substrata compared with no ECM.  Furthermore, there was 

no synergistic effect from IGF-I/EGF when cells were grown on the same substrata.  Woodward 

et al., (2000), further showed that these enhanced responses to IGF-I and EGF were mediated by 

ECM induced increases in expression of growth factor receptors.  Cells cultured for 24 h on Col I 

had significantly higher EGF receptor expression compared to epithelial cells grown on Col IV, 

FN, or LN.   Furthermore, after 48 h, cells grown on Col I, Col IV, and LN had a 2-fold higher 

increase in EGF receptor expression while those on FN had 3-fold higher increase compared 

with cells grown on Poly-L substrata.  Interestingly, IGF-IR expression was significantly 

upregulated in epithelial cells grown on all of the substrata tested. 

The basal membrane is also crucial for function and survival of mammary epithelium.  In 

the presence of the BM, cells cease proliferating and begin to reorganize into rudimentary 

mammary gland structures (Stahl et al., 1997).  In the absence of the BM, cells will undergo 

apoptosis (Farrelly et al., 1999).  Cells cultured on reconstituted BM maintained morphology, 

function, estrogen receptor levels as well as sensitivity to estrogen, compared with cells that were 
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cultured on plastic (Novaro et al., 2003).  Although cells grown on Col I and LN maintained 

morphology; function, estrogen receptor levels and estrogen sensitivity in comparison was 

significantly lower than for cells grown on reconstituted BM.  A major component of the BM is 

LN which when blocked, by antibody, prevents epithelial cells from creating a branching 

morphology (Stahl et al., 1997). 

 

IGF-GH AXIS 

Development of the mammary gland is tightly controlled by the endocrine system. 

Specifically, the cytokine growth hormone (GH) is important for normal mammary gland 

development across species.  Responsible for linear growth, GH leads to increased lean body 

weight primarily by increasing protein synthesis.  Keough and Wood (1979) observed reduced 

ductal growth in mutant mice with low circulating levels of GH but growth was rescued with GH 

administration.  Furthermore, Purup et al (1993) showed that young heifers treated with bovine 

growth hornone (bGH) exhibited increased parenchymal mass but reduced extraparenchymal 

tissue.  Growth hormone is synthesized and stored in the anterior pituitary gland.  Release is 

promoted by GH releasing factor and suppressed by somatostatin.   The exact mechanisms for 

the mammary specific effects of GH are unknown.  It is largely thought that GH actions are 

mediated via the mammary mitogen IGF-I (Akers, 2006; Divisova, 2006).  However, it is also 

clear that ruminant mammary tissues express GH receptors (Plath-Gabler, et al, 2001; Sinowatz, 

et al, 2000). 

IGF-I is primarily produced by the liver but it is also produced locally in tissues, resulting 

in not only endocrine effects but autocrine and paracrine actions as well (Akers, 2006; Richards 

et al, 2004).  IGF-I is crucial for mammary gland development.  Richards et al (2004) showed 
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that IGF-I-null mice had rudimentary mammary growth but lacked extensive branching, even in 

the presence of elevated GH concentrations.  The actions of IGF-I are mediated via six binding 

proteins (IGF-BP 1-6), of which four, IGF-BP 1, 2, 3, 5 are produced locally in the mammary 

gland.  These binding proteins serve to increase the half-life of IGF-I as well as transport and 

localize IGF-I to site-specific tissues (Akers, 2006).  

 

OVARIAN CONTROL 

The ovary and its hormones certainly play an important role in mammary gland 

development that occurs associated with puberty and pregnancy (Tucker, 1981).  Purup et al 

(1993) showed that heifers ovariectomized at 2.5 months of age (well before signs of puberty i.e. 

~9 mo of age) had significantly reduced parenchymal tissue.  Additionally, there was a small (0.1 

pg/ml) reduction in circulating estrogen concentrations.  This minute reduction combined with 

the fact that circulating estrogen concentrations in heifers are already low (~ 1 pg/ml) suggest 

that ovarian control nof mammary development involves more that small alterations in 

circulating estrogen (Akers et al., 2005).  

However, the impact of the ovary on prepubertal mammary growth may not be universal 

among ruminants.  For example, Ellis et al (1998) found that ovine prepubertal mammary 

development was not affected by ovariectomy but mammary growth was stimulated by 

exogenous estradiol.  Thus exact mechanisms of ovarian control are unknown.  One hypothesis is 

that ovarian hormones stimulate the synthesis and secretion of ECM proteins from cells in the 

stroma (Woodward et al., 2001).  Three week-old mice were ovariectomized and at 10 weeks of 

age mammary glands were examined for expression of ECM protein.  There was a 70% decrease 

in FN expression.  Expression was restored with 2-week treatment of estrogen or estrogen 



6 
 

combined with progesterone.  In support of previous findings, Berry et al (2003) reported a 

significant reduction in FN in mammary tissue of ovariectomized heifers.  Exogenous estrogen is 

know to increase proliferation of prepubertal bovine mammary gland tissues (Woodward et al., 

1993).  

Another possible mechanism for ovarian hormonal control of mammary gland 

development is through alterations in the estrogen receptor α (ERα).  Tekmal et al (2005) 

reported impaired mammary gland development, even in the presence of continuous estrogen, in 

ERα knock-out mice.  Initially, it was believed that mammary epithelium did not possess ERα 

and that the mitogenic effects of estrogen were mediated via stromal-epithelial responses 

(Topper and Freeman, 1980).  However, Capuco et al (2002) reported that only certain 

populations of mammary epithelial cells were ERα positive.  Berry et al (2003) subsequently 

showed that in ovariectomized heifers, ERα was localized to epithelial cells and relative 

expression was significantly higher (46.7% + 2.4) than in intact controls (36.1% + 2.2).  

However, Capuco et al (2002) found no ERα in proliferating epithelial cells.  The ovary is also 

important in early onset of allometric mammary growth that occurs in prepubertal rodents 

(Cowie, 1949; Flux, 1954).  However, regulation of prepubertal mammary development in 

ruminants is poorly understood (Wallace, 1953; Sejrsen, 1994).  Cultured bovine mammary 

epithelial cells do not proliferate in response to addition of exogenous estrogen or progesterone 

(Woodward et al, 1994).  However, mammary tissues of both intact and ovariectomized 

ruminants are responsive to estrogen (Ellis et al, 1998; Meyer et al 2006).  Interestingly, Meyer 

et al (2006) reported mammary fat pad was highly responsive to exogenous estrogen irrespective 

of the presence of the ovary. 

 



7 
 

 Aromatase 

Recently, there has been great emphasis placed on the role of local estrogen production 

on proliferation of mammary epithelium.  This has largely been driven by human and rodent 

studies focued on proferation associated with mammary carcimoma.  Since ovariectomy of 

young heifers caused only a minute decrease in circulating estrogen concentrations this led 

researchers to question whether this is small change was sufficient to cause the large decreases 

observed in mammary parenchymal mass in these animals. Biosynthesis of estrogen from 

androgens is catalyzed by aromatase.  Aromatase is an oxidative enzyme belonging to the large 

family Cytochrome P450.  These enzymes are primarily membrane-associated and are localized 

to the mitochondria or endoplasmic reticulum.  Aromatase expression has been detected in many 

non-gonadal, estrogen-producing tissues including the brain, adrenal gland, adipose tissue, blood 

vessels, placenta, endomentrium, skin and blood (Simpson, 2000).  Extragonadal estrogen 

production is most often associated with adipose tissue or stroma (Simpson, 2000).  

Tekmal et al (1996) reported enlarged ducts in virgin female transgenic mice and 

hyperplasia in involuted mammary glands of transgenic mice which overexpressed aromatase. 

Additionally, Kirma et al (2001) observed elevated estrogen and progesterone concentrations in 

transgenic mice overexpressing aromatase.  Furthermore, Li et al (2003) reported increased 

ductal and alveolar growth, mammary gland hormone receptor expression and significantly 

higher serum estrogen concentrations in transgenic male mice expressing human aromatase.  

There is little data on aromatase expression in mammary tissue of ruminants and to our knowlege 

none for heifers. Virtually all that is known about aromatase in ruminants comes from a paper by 

Belveder et al (1996) wherein they reported low and inconsistent aromatase activity (enzymatic 

assay) in late lactation cows.  
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PRELIMINARY DATA 

Preliminary experiments from our lab suggest that ECM proteins play a role in gene 

expression (unpublished data).  Use of immortalized bovine mammary epithelial cells derived 

from mammary alveolar cells (MAC-T) has allowed for in vitro modeling of mammary 

epithelial cells (Huynh et al., 1991).  In the past, in vitro work investigating the mammary gland 

has primarily used mice as the model.  The use of MAC-T cells allows for investigations more 

specific to bovine.  We found that MAC-T cells cultured on plastic, Col I and LN had reduced 

proliferation (DNA accumulation) in comparison to Poly-Lysine (which promotes cell adhesion, 

growth and adhesion) and that cells on FN had reduced proliferation in comparison to all 

matrices tested (unpublished data, Akers lab).  Furthermore, cell proliferation on FN could not be 

rescued with the addition of increased concentrations of IGF-I.  In the presence of fetal bovine 

serum (FBS), MAC-T cells grown on Col I had slightly higher proliferation rates as compared 

with MAC-T cells grown on LN.  However, with the addition of IGF-I, cells grown on LN had 

slightly higher proliferation rates than those grown on Col I.  We have also noted that MAC-T 

cells grown on Col I secreted IGF-BP2 and IGF-BP3 at higher concentrations than cells grown 

on plastic. These preliminary data led us to conclude that individual ECM proteins have different 

roles in mammary gland development and that study of cellular responses to ECM molecules 

could be used to better understand the impact of ECM on prepubertal mammary gland 

development.  Therefore, I  used cell culture using MAC-T cells to evaluate details of how 

related ECM components affect expression of IGF-1 axis components (IGF-I receptor, IGF-I 

binding proteins) in these cells. 
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HYPOTHESIS 

 We hypothesized that the proteins of the ECM regulate epithelial cell gene expression in 

the developing prepubertal bovine mammary gland.  Furthermore, we proposed that regulation of 

genes by the ECM is functionally, spatially and temporally regulated.  Specifically, we measured 

expression of LN, FN and Col I in addition to the expression of the following ten genes in bovine 

mammary tissue collected from prepubertal heifers.  These proteins were previously shown to be 

regulated by changes in rate of gain or diet in prepubertal heifers (Daniels et al, 2006):  Fascin, 

aldehyde dehydrogenase1A1, E-cadherin, Rac1, Syndecan-1, epimorphin, transferin, protein 

disulfide isomerase, heat-shock protein 90, and β-catenin. 

 We further hypothesized that administration of growth hormone and ovariectomy would 

modify expression of these genes.  We hypothesized that exogenous growth hormone would 

increase growth of parenchymal tissue and that ovariectomy would show that ovarian secretions 

are necessary to initiate allometric growth but are not required to maintain this growth pattern. 

 We also hypothesized that ovariectomy of prepubertal heifer calves would minimally 

impact circulating estrogen concentrations but would increase local mammary gland aromatase 

activity.  

Objectives  

1. To characterize the role of the ECM in the prepubertal bovine mammary gland 
development by examining gene expression for selected ECM proteins in mammary 
tissue of prepubertal heifers. 

 
2. Determine the effect of exogenous growth hormone and ovariectomy on ECM gene 

expression in the prepubertal bovine mammary gland. 
 

3. Quantify aromatase activity in the prepubertal bovine mammary gland. 
 

4. Determine the effect of exogenous growth hormone and ovariectomy on aromatase 
activity and gene expression in the prepubertal bovine mammary gland. 
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CHAPTER II: EFFECT OF EXOGENOUS SOMATOTROPIN ON MAMMARY GLAND 

COMPOSITION AND PROLIFERATION 

 

INTRODUCTION 

The mammary gland is unique in that a substantial proportion of its development is 

completed postnatal.  At birth the ruminant gland consists of little more than stroma and fat pad 

(Robinson et al., 2000; Akers, 2002).  At approximately three months, the mammary gland enters 

a period of rapid ductal expansion (allometric growth) that continues until about nine months of 

age (Meyer et al., 2006; Sinha and Tucker, 1969).  This period of allometric growth is sensitive 

to both nutritional and hormonal perturbation.  For instance, mammary gland growth is 

significantly retarded by overfeeding during this period resulting in reduced milk yield (Tucker, 

1981; Sejrsen et al, 1983).  However, overfeeding during post-puberty appears to have no ill 

effect on mammary growth or subsequent lactations (Tucker, 1981).   Although, the exact 

mechanism for regulation of growth and development during this period is unclear, it appears 

that measures to manipulate mammary growth could be practically useful during this stage. 

Somatotropin (GH) has long been shown to play a vital role in mammary gland 

development.  In now classic rodent endocrine ablation studies (triply operated with pituitary, 

ovary and adrenal removed), replacement with GH in combination with estrogen stimulated 

ductal growth (Lyons 1958; Tucker, 1981).  Furthermore, GH has been shown to have a potent 

effect on mammary growth in the prepubertal and pubertal animals (Tucker, 1981).  More 

recently, exogenous GH was shown to increase proliferation of epithelial cells and parenchymal 

(PAR) mass in young heifers (Sejrsen et al., 1986; Berry et al., 2003a).  In contrast, low levels of 

circulating GH were positively correlated with reduced mammary growth measured in over fed 

heifers (Capuco et al., 1995; Sejrsen et al., 2000).  
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A search of the literature shows a plethora of studies examining the role of GH in 

mammary gland development.  However, near all of these studies focused on peripubertal and 

older animals.  We propose that the naïve calf mammary gland provides a unique window for 

effective manipulations that will ultimately lead to increased milk yield.  Our objectives for this 

study were to evaluate the effects of exogenous GH on the biochemical composition of the 

prepubertal mammary gland, mRNA expression of selected genes and variation in selected 

histological markers.  

 

MATERIALS AND METHODS 

Animals 

The Virginia Tech Institutional Animal Care and Use Committee approved all animal 

procedures.  Twenty-one new born Holstein heifer calves were purchased within two weeks of 

birth (7 ± 4 d) from a Florida dairy.  Two calves died prior to the start of the study, for reasons 

not related to the experiment.  Prior to leaving the commercial dairy calves were fed 1 L of 

colostrum and passive transfer of immunity was assessed via measurement of serum total protein 

(TP); animals with TP below 5.5 g/dl were excluded from the study (5.5-7.5 g/dl).  Calves 

received a 2 ml intranasal dose of Nasalgen (Schering-Plough, Omaha, NE) prior to transport.    

Upon arrival at the Virginia Tech Dairy Center (VTDC) all calves were weighed (39.4 ± 4.0 kg 

of BW on arrival) and vaccinated.  Calves were immediately offered 1.89-L of warm electrolytes 

by nipple bottle and within 12 h of arrival were offered 1.89-L of commercially available milk 

replacer.  All additional feedings at the VTDC consisted of twice-daily feedings of standard 

commercially available milk replacer (MR) via nipple bucket.  Calves were offered standard calf 

starter and water ad libitum.  At weaning (approximately 8 wk) calves were fed concentrate and 
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hay ad libitum.  Calves were exposed to ambient temperatures during a 3 wk adaption period 

prior to the onset of treatments.  Calves were individually housed in open hutches bedded with 

gravel and straw.  At weaning calves were moved to a free stall barn.  

Upon arrival at VTDC calves were randomly assigned to either Posilac (bST; 500 mg of 

bST; n=10; Monsanto Co., St Louis, MO) or placebo (Sal; 0.9% saline; n=9) treatments (Figure 

2.1).    Within treatment animals were assigned to an early (E) or late (L) harvest point.  

Treatments were initiated on d 23 and repeated every 21 d. Heifers were administered 

subcutaneous injections in the region over the scapula. Animals in the E harvest group received 

two injections and were sacrificed 21 d after the second injection.  Animals in the L harvest 

group received four injections and were harvested 21 d after the fourth injection.  Beginning with 

second treatment injections, animals were intravenously infused with 5 mg/kg BW of BrdU daily 

for five consecutive days.  The BrdU (Sigma Chemical Co., St. Louis, MO) solution was 

prepared in sterile physiological saline at a concentration of 20 mg/ml (pH 8.5).  Animals were 

weighed every 14 d starting on 23 d. One heifer was dropped from the study after harvest due to 

chronic illness. 

 

Blood Sampling and Processing 

Blood samples were collected via jugular venipuncture 24 h prior to and 24 h after 

treatment injection.  Samples were collected in vacuum tubes containing either sodium heparin 

or no anti-coagulant.  After collection samples were held on ice and immediately transported to 

the laboratory for processing.  Samples collected in sodium heparin tubes were immediately 

centrifuged at 2,000 X g at 4oC for 20 min.  Plasma supernatant was aliquoted to 12- x 75-mm 

polypropylene tubes and stored at -20 oC for future IGF-I analysis.  Samples collected in tubes 
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without anti-coagulant were allowed to clot at room temperature for 3 to 6 hours and were then 

stored for 24 h at 4 oC.  Samples were centrifuged at 2,000 X g at 4oC for 20 min and the serum 

was aliquoted and stored at -20 oC for future GH analysis. 

 

Mammary Tissue Harvesting 

Heifers were slaughtered in two groups: E (21 d after second treatment injection) and L 

(21 d after fourth treatment injection).  Heifers were killed by phenobarbitol injection (Euthasol, 

10 mg/kg of BW; Virbac CO., Fortworth, TX).  Mammary glands were immediately removed, 

weighed and bisected along the medial suspensory ligament.  Half of each mammary gland was 

snap frozen in liquid nitrogen and stored at -80oC for later use in biochemical analysis. 

Parenchyma (PAR) and mammary fat pad (MFP) were dissected from the remaining udder half.  

Tissue samples were divided and snap frozen in liquid nitrogen and stored in -80oC until RNA 

was extracted.  Samples of PAR and MFP tissue were fixed in 10% neutral formalin for later use 

in histological measurements and immunocytochemical analysis. 

 

Hormone Assay 

Concentrations of IGF-I and GH were determined using double-antibody RIA. All 

samples were run in duplicate in a single assay.  Prior to IGF-I assay, binding proteins were acid-

ethanol extracted as previously described by Sharma et al. (1994). Plasma concentrations of IGF-

I were measured as described by Weber et al. (1999) and Berry et al. (2003a).  Briefly, 

recombinant human IGF-I (Grow Prep, Adelaide, Australia) was used for iodination and 

standards.  Iodination was carried out as described for α-lactalbumin (Akers et al., 1986).  Mouse 
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anti-human IGF-I primary antibody (1: 70,000) was a gift from Dr Bernard Laarveld (University 

of Saskatchewan, Saskatchewan, Canada).  Goat anti-mouse secondary antibody (1:20) was 

purchased from Sigma Chemical Company (St. Louis, MO).  Serum concentrations of GH 

measured as previously described by McFadden et al. (1990) and Berry et al. (2003a).  

Recombinant bovine GH (lot 6958C-42A; American Cyanamid Company, Princeton, NJ, USA) 

was used for iodination and standards.  Iodination was carried out as described for α-lactalbumin 

(Akers et al., 1986).  Rabbit anti-Ovine GH primary anti-body (1:100,000; NIDDK-anti-oGH-2; 

AFP-C0123080) was a gift from the National Hormone and Pituitary Program (Baltimore, MD). 

Ovine anti-rabbit gamma globulin was used at a final concentration of 1:15.  Intra-assay CV was 

9.3%. 

 

RNA Extraction and Quantitative Real Time PCR 

Mammary PAR and MFP samples were homogenized using a Pro 200 Tissue 

Homogenizer (Pro Scientific, Inc, Oxford, Ct) in Tri reagent (1.5ml Tri Reagent/200 mg of 

tissue; Molecular Research Center, Inc., Cincinnati, OH).  Homogenized tissue was incubated at 

RT for 5 min.  Samples were separated into aqueous and organic phases with the addition of 300 

µl of chloroform.  Samples were mixed, incubated at RT for 15 min and then subjected to 

centrifugation (12,000 X g) at 4oC for 15 min.  The resulting aqueous phase was combined with 

750 µl of isopropanol, incubated at RT for eight min and centrifuged at 12,000 X g.  Precipitated 

RNA was ethanol washed (75% EtOH in RNase free water), centrifuged and the resulting pellet 

air dried.  Dried pellets were resuspended in diethyl pyrocarbonate (Sigma-Aldrich, St. Louis, 

MO) treated water.  Concentration and purity of extracted RNA were determined using a 

Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE).  
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Samples with a ratio of optical measurement at 260 and 280 nm (OD 260 nm/OD 280 nm) 

greater than 1.8 were used.  Single stranded cDNA was reverse transcribed from total RNA using 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Foster City, CA.).  Briefly, 

20 µg of RNA was reverse transcribed in reaction with a final volume of 20µl using random 

primers and 0.02 U of Rnase inhibitor.  Resulting cDNA was diluted 1:10 and used in 

quantitative real time PCR reactions.  Two microliters of diluted cDNA was combined with 12.5 

µL of SYBR Green dye (Applied Biosystems, Foster City, CA), 9.5 µL of sterile distilled water, 

0.5 µL of 10 µM of both forward and reverse primers.  Real time PCR conditions were 95°C for 

10 min, 95°C for 15 s, and 60°C for 1 min and performed in a 7300 Series Real-Time System 

(Applied Biosystems, Foster City, CA).  Data were analyzed using SDS software that was part of 

the 7300 Series System.  Cycle thresholds (Ct) values of genes of interest were normalized (ΔCt) 

using the geometric mean of three endogenous reference genes: PPP1R11 (forward, 5`-

CCATCAAACTTCGGAAACGG-3`; reverse 5`-ACAGCAGCATTTTGATGAGCG-3`), 

RPS15A (forward, 5`-GAATGGTGCGCATGAATGTC-3`; reverse, 5`-

GACTTTGGAGCACGGCCTAA-3`) and MTG1 (forward, 5`-CTTGGAATCCGAGGAGCCA-

3`; reverse, 5`-CCTGGGATCACCAGAGCTGT-3`) (Piantoni et al., 2008).  Data was expressed 

as fold difference, calculated as 2(-Δ∆Ct).  Target genes were proliferating cell nuclear antigen 

(PCNA; forward, 5`- TCG TCT CAG GCG TTC ATA GTC -3`, reverse, 5`- AAC ATG GTG 

GCG GAG TCG -3` ), ATP-ase binding cassette-3 (ABC3; forward, 5`- GCC ACC TTC CTC 

GTT GTC -3`, reverse, 5`- AAG TTG CTC ACT GCC ATC C -3`) and growth hormone 

receptor (GHR; forward, 5`-CGTCTCTGCTGGTGAAAACA-3`, reverse, 5`- 

AACGGGTGGATCTGGTTGTA-3`).  Primers were designed using Primer Express Software 

3.0 (Applied Biosystems, Foster City, CA) and purchased from integrated DNA Technologies 
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(Coralville, IA).  All primers were diluted to 10 µM in RNase/DNase free water.  Efficiency of 

endogenous reference genes and target genes was tested using five dilutions of cDNA in 

duplicate.  Additionally, dissociation curves were run on all samples to detect primer dimmers, 

contamination or presence of other amplicons.  

 

 Proximate Analysis 

Snap frozen half glands were defrosted on ice and dissected.  Weights were recorded for 

skin/teat, lymph nodes (LYM), PAR, MFP and half-gland. PAR and MFP were pulverized to a 

powder in a freezer mill (6950 Freezer Mill; Spex Sample Prep, Metuchen, NJ).  Tissues samples 

were weighed prior to and after pulverizing to estimate recovery yield.  Pulverized samples were 

homogenized in high salt buffer (0.05M NaPO4, 2M NaCl, 0.002M EDTA).  Briefly, 

approximately 250 mg of powdered tissue was resuspended in 1.5 ml of high salt buffer and 

homogenized using a PRO200 Homogenizer (PRO Scientific, Oxford, CT).  Homogenates were 

centrifuged at 100 X g at 40C for 5 min to remove tissue debris and the cleared supernatant was 

used for protein and DNA concentration determinations.  

Protein concentration of PAR and MFP homogenates was determined using a 

bicinchoninic acid based colorimetric assay (Pierce: Rockford, IL) using bovine serum albumin 

as the standard.  Average intrassay CV was 3.4% for the protein assay.  For DNA, 2µl of PAR or 

MFP homogenate was added to 2 ml of assay buffer (100 µl of 1 mg/ml Hoechst H 33258, 10 ml 

2 M NaCl+ 10 mM Na2EDTA+ 10 mM Tris, pH 7.4 and 90 ml distilled H2O).  Calf thymus DNA 

(1 mg/ml; Sigma Chemical Company; St Louis, MO) was used as the standard.  Samples were 

assayed using a Hoefer DQ 300 fluorometer (Hoefer, Inc; San Francisco, CA).  All samples were 

run in duplicate with an average intrassay CV of 3.4%. 
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Lipid content was determined using the hexane:isopropanol method as described by Hara 

et al. (1978).  Briefly, 9 ml of hexane:isopropanol (3:2; vol:vol; 0.005% butylated 

hydroxytoulene, Sigma Chemical Company; St. Louis, MO) were added to 500 mg of powered 

tissue in pre-weighed, acid-washed glass tubes.  Samples were vortexed for 30 s following the 

addition of 6 ml of sodium sulfate (1 g Na2SO4 per 15ml H2O).  Phases were allowed to separate 

and the tubes vortexed a second time.  Samples were centrifuged at 100 X g for 5 min and the 

upper solvent fraction transferred to a clean tube.  The aqueous layer was re-extracted by adding 

5 ml of hexane:isopropanol followed by vortexing, phase separation and centrifugation.  The 

second solvent was combined with the first solvent fraction.  The solvent fraction was 

evaporated under a stream of N2 gas at 40oC using an analytical evaporator (N-EVAP model 

#112; Organomation Associates, In., South Berlin, MA).  Tubes were re-weighed and lipid mass 

was calculated as final tube weight minus initial tube weight.  All samples were run in duplicate. 

 

Histomorphometry and BrdU-Ki67 Dual Labeling 

Paraffin embedded PAR was used for histological measurements. Briefly, PAR samples 

were first fixed in 10% formalin overnight and then transferred to 70% ethanol until processing.  

At embedding tissues were subjected to graded alcohol dehydrations (70%, 80%, 95%, and 

100%) and cleared using xylene in preparation for infiltration and embedding in paraffin.  

Embedded tissue was sliced into 5 µm thick slices using a rotary microtome (model HM340E, 

Microm, International GmbH, Walldorf, Germany) and used for histomorphometry and BrdU-

Ki67 dual labeling immunocytochemistry.  
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Histomorphometry. Sectioned tissue was cleared of paraffin in xylene, rehydrated in 

graded alcohol washes and distilled water washes.  Sections were stained with hematoxylin-eosin 

and photographed at 4x (six photomicrographs per sample) using an Olympus BH2 light 

microscope connected to a QColor3 digital camera (Olympus America Inc.; Center Valley, PA). 

Proportion of epithelial structures present in PAR sections was expressed as a percentage of the 

total area of the field.  Epithelial structures were further classified based on lumen size as large, 

medium or small duct or bud (no lumen present).  Total number of epithelial structures per field 

were counted and averaged for six independent photomicrographs.  

 

BrdU-Ki67Ddual Labeling.   Dual labeling was carried as out previously described by 

Capuco (2007).  Briefly, paraffin embedded sectioned PAR samples were deparaffinized in 

xylene and rehydrated.  Slides were boiled in 10 mM citrate buffer (pH 6.0) for antigen retrieval. 

Individual sections were circled with a PAP barrier pen (Fisher Scientific; cat # NC9720458). 

Slides were blocked with CAS Block (Invitrogen, cat #00-8120) followed by overnight 

incubation at 4oC with a primary antibody cocktail (Ki67 rabbit mAB (1:200; Fisher Scientific; 

Pittsburgh, PA) and BrdU mouse mAB (1:66.7; Fisher Scientific; Pittsburgh, PA) diluted in CAS 

Block).  Batch controls received CAS Block instead of primary antibody.  Tissue sections were 

then briefly washed in PBS and incubated in combined Alexa 488 goat anti-mouse IgG 

(Invitrogen; Chicago, IL) and Alexa 594 goat anti-rabbit IgG (Invitrogen; Chicago, IL), both at a 

final dilution of 1:200.  Slides were rinsed in distilled water and Prolong Gold antifade reagent 

with DAPI (Invitrogen; Chicago, IL) was added to each slide.  Slides were coverslipped and 

allowed to cure overnight. 
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Statistics 

  The Mixed procedure of SAS (Version 9.2 SAS Institute Inc., Cary, NC) was used for 

analysis of main effects.  The main effect of treatment, harvest group and the interaction between 

the two were analyzed.  The following model statement was used: 

Υ ijk = µ + Ti + Gj + (TG)ij + e (ijk), 

where Υ ijk is the dependent variables were: mammary gland composition, blood hormone 

concentrations, gene expression (∆Ct; three genes),  , µ is the overall mean; Ti is the fixed effect 

of treatment (bST vs. Sal; i=1, 2); Gj is the fixed effect of harvest group (E vs. L; j=1, 2); (TG)ij 

is the effect of the interaction between treatment and harvest group and e (ijk) is the residual error 

(assumed to be normally and independently distributed).  Results are presented as least squares 

means ± standard error of the means. Graphical representation of gene expression data is given 

as treatment relative to control animals calculated as 2-∆∆Ct (where ∆∆Ct = [(CtTa r- CtHSK)Exp – 

(CtTar - CtHSK)Con]).  Significance was declared at P ≤ 0.05. Trends were declared at P ≤ 0.1.  

 

RESULTS 

Animal Performance and Basic Udder Composition 

Heifers were weighed every 14 d beginning at 23 d.  There was no difference in initial 

BW between bST and Sal treated heifers.  There was also no overall effect of bST on weekly 

weights for E (P = 0.44) or L harvest (P = 0.12) harvest groups but bST treated heifers were 

consistently larger (Figure 2.2A).  Heifers in both treatment groups increased BW (P < 0.05) and 

early harvest bST treated heifers gained significantly more BW than early harvest heifers given 

Sal (P = 0.02).  The difference in BW gain for L harvest animals was non-significant (P = 0.17; 

Figure 2.2B). 
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Overall, there was no difference in total mammary gland weight due to bST (P = 0.64), 

however, L harvest heifers had larger glands compared to E harvest (P < 0.05).  PAR weight did 

not differ between bST and Sal treated heifers (P = 0.66), but once again L harvest heifers had 

more total PAR compared to E harvest heifers (P < 0.05).  There was no difference in total MFP 

mass due to bST (P = 0.22) however L harvest heifers tended to have heavier MFP than E 

harvest heifers (P = 0.07) (Figure 2.3A).  When gland composition was expressed as a 

proportion of BW, Sal treated heifers had significantly more MFP per 100 kg BW than bST 

treated animals (P = 0.04).  There was no difference in MFP per 100 kg BW between L harvest 

and E harvest heifers (P = 0.99).  There was a tendency for bST treated heifers to have reduced 

total mammary gland per 100kg BW (P = 0.10) but there was no difference for E harvest or L 

harvest heifers on a body weight basis (P = 0.30).  Similarly, there was no difference in PAR per 

100kg BW between bST and Sal treated heifers (P = 0.50).  L harvest animals had more PAR 

per 100kg BW than E harvest heifers (P < 0.001) (Figure 2.3B).  

 

GH and IGF-I Concentrations 

Blood samples collected 24 h before and 24 h after treatment were analyzed for GH and 

IGF-I concentrations.  In E harvest animals, plasma concentrations of GH were significantly 

lower for the time period before bST injections (P = 0.01).  When data for E harvest and L 

harvest were combined, heifers treated with bST tended to have higher overall (pre + post 

injection) serum GH concentrations (P = 0.06).  Moreover, L harvest bST heifers had higher 

plasma concentrations of GH compared to L harvest Sal treated heifers (P < 0.0001).  There was 

no difference in GH concentrations for samples taken prior to treatment injections for bST or Sal 
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treated heifers.  Samples taken after treatment injections had significantly higher GH 

concentrations for bST treated heifers compared to Sal treated heifers (P < 0.0001).  

There was no overall difference in plasma IGF-I concentration for bST treated, E harvest 

animals (P = 0.13).  However, samples taken after injection with bST were significantly higher.  

Plasma IGF-I concentrations were higher in samples taken after treatment was applied in bST 

treated animals.  In L harvest animals, bST treated heifers had higher concentrations of IGF-I 

than Sal treated animals (P = 0.0005).  Overall, samples taken prior to treatment injections had 

lower IGF-I levels than samples taken after treatment injections.  

 

Transcript Abundance 

Transcript abundance was measured within PAR and MFP for nuclear antigen (PCNA) 

and ATP-binding cassette 3 (ABC3) (both cell proliferation markers) as well as growth hormone 

receptor (GHR) (Figure 2.4).  In PAR, there was a tendency for a decrease in expression of 

PCNA mRNA for bST treated heifers in comparison to Sal treated heifers (P = 0.08).  

Additionally, L harvest heifers tended to have decreased expression if PCNA relative to E 

harvest heifers (P = 0.07).  Expression of ABC3 was reduced (P = 0.05) in bST compared with 

Sal treated heifers.  There was no overall difference in expression between E harvest and L 

harvest groups (P = 0.32).  Relative expression of GHR was reduced bST treated heifers when 

compared to Sal treated heifers (P = 0.05).  Heifers in the E harvest group had relatively higher 

GHR mRNA expression compared to L harvest heifers (P = 0.04).  In MFP, there was no 

difference in PCNA, ABC3, or GHR expression due to treatment.  Animals in the E harvest 

group tended to have higher expression of PCNA compared to L harvest animals (P = 0.06).  
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Mammary Gland Composition  

The content of selected components in the mammary gland was measured in PAR and 

MFP and expressed as concentration per unit tissue weight, amount per 100 kg BW and total per 

gland.  In PAR, there was no significant difference in protein, DNA or lipid content between bST 

and Sal treated animals (Table 2.1).  Heifers in the L harvest group had more total protein (918 

vs. 137) and more protein per 100 kg BW (794 vs. 161) than E harvest group heifers.  Heifers in 

the L harvest group treated with Sal had a higher concentration of DNA (3.64 vs. 2.86) than bST 

treated animals.  L harvest heifers had a higher concentration of DNA (3.25 vs. 2.35), more total 

DNA (96.35 vs. 7.87) and more DNA per 100 kg BW (821 vs. 9.18) than E harvest heifers.  E 

harvest heifers treated with Sal had lower concentration of lipid than E harvest heifers treated 

with bST.   

In MFP, there was a decrease in protein per 100 kg BW for bST treated heifers compared 

to Sal treated heifers (Table 2.2).  There was no difference in DNA or lipid content for bST or 

Sal treated heifers.  L harvest heifers had more total protein (1381 vs. 767) than E harvest 

heifers.   E harvest heifers treated with Sal had more total protein (1164 vs. 370) than E heifers 

treated with bST.  E harvest heifers treated with Sal had more protein per 100 kg BW (1478 vs. 

408) than E harvest heifers treated with bST. 

 

 

Histomorphometry and BrdU-Ki67 Dual Labeling 

Amount of epithelium present per unit area of PAR was not different between heifers 

treated with bST or Sal (P = 0.52) but tended to be greater in L harvest heifers (P = 0.08; Figure 

2.5).  Additionally, there was no interaction between treatment and time of harvest (P = 0.96) for 
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percentage of epithelium in PAR when Holstein heifers were treated with bST or Sal and 

harvested either E or L.  In E harvest group Sal and bST heifers averaged 9.9 ± 2 and 8.7 ± 2% 

epithelia in PAR, respectively while in L harvest heifers the amount of epithelium present in the 

PAR for Sal and bST was 13.5 ± 2 and 12.2 ± 2%, respectively.  

Classification of different sized ducts and epithelial structures and their quantitation for 

bST and Sal heifers from E and L harvest groups are given in Table 2.3.  The number of large 

and medium sized ducts per field was not different between bST and Sal treated heifers or 

between E and L harvest groups.  However, there was an increase in the number of small ducts, 

buds and total number of epithelial structures in the L harvest heifers compared with E harvest (P 

< 0.05).  Overall, there was an average of 3.6 ± 2 small sized ducts per field in E harvest heifers 

this was increased to 12.1 ± 2 (P = 0.02) in older heifers.  Number of buds increased from 5.6 ± 

1 in E heifers to 7.2 ± 1 (P = 0.02) in the L harvest heifers while the total number of epithelial 

structures was 11.2 ± 4 in E heifers and increased to 25.9 ± 4 in L harvest heifers (P = 0.02).  

Percentage of mammary epithelial cells positive for BrdU and Ki67 antigens in the PAR 

of bST and Sal animals from E and L harvest heifers are shown in Fig 2.6.  In the PAR of E 

harvest heifers, an average of 1207 ± 65 and 1181 ± 89 cells were counted per heifer for Sal and 

bST, respectively. In L harvest heifers, an average of 1306 ± 129 and 1263 ± 78 cells were 

counted for Sal and bST, respectively. The population of BrdU label-retaining epithelial cells 

was not affected by bST treatment (P = 0.37).  In the E harvest group, 0.8 ± 0.4% cells were 

positive only for BrdU antigen in Sal and 1.9 ± 0.4% cells were positive only for BrdU in bST 

while in the L harvest group there were 0.5 ± 0.3 and 0.1 ± 0.3% cells positive only for BrdU in 

Sal and bST, respectively (Fig 2.6A).  However, there was an overall decrease in the percentage 

of BrdU label-retaining cells in L harvest heifers compared with E heifers (0.3 ± 0.2 vs. 1.3 ± 
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0.3%; P = 0.016).  There was a tendency for L harvest heifers treated with bST to have a lower 

percentage of BrdU labeled cells then E harvest heifers treated with Sal (P = 0.06). Percentage of 

Ki67 positive cells in the mammary epithelium was not affected by bST treatment (P = 0.42), 

time of harvest (P = 0.27) or treatment by time interaction (P = 0.91).  Heifers treated with bST 

in the E harvest group had 2.9 ± 1.0% Ki67 positive cells in the mammary epithelium and  2.2 ± 

1.0% in Sal (Figure 2.5B).  In the case of L harvest heifers the percentages of Ki67 positive cells 

in the mammary epithelium were 1.0 ± 0.9 and 1.9 ± 0.8% in Sal and bST, respectively.  Of the 

total cells counted in the mammary epithelium in the E harvest heifers, 0.3 ± 0.3% in Sal and 0.8 

± 0.3% in bST were dual labeled cells which were positive for both BrdU and Ki67 antigens 

(Figure 2.5C), while in the L harvest heifers 0.4 ± 0.3 and 0.5 ± 0.3% cells were dual labeling for 

BrdU and Ki67 antigens in the Sal and bST heifers, respectively.  The population of dual 

labeling cells in the mammary epithelium was not different between treatments (P = 0.37) or 

time of harvest (P = 0.93) and there was no interaction between treatment and time (P = 0.58). 

Out of the total number of BrdU label-retaining cells, 35% were dual labeled in Sal and 30% 

dual labeled in bST in the E harvest heifers whereas, 39 and 67% of BrdU label-retaining 

epithelial cells were dual labeled in Sal and bST, respectively in the L harvest group of heifers 

(data not shown). 

 

DISCUSSION 

 
The importance of GH in mammary gland development has long been established. 

Classic ablation studies in triply operated rodents showed that GH was necessary for both 

pubertal ductal expansion as well as gestational ductal-alveolar maturation (Lyons, 1958; 

Tucker, 1981).  With research focusing mainly on pregnant and lactating animals, researchers 
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were able to clearly show that GH was a potent galactopoietic hormone in lactating cows 

(Bauman et al., 1985; Richard et al., 1985).  In recent years, research interest has begun to focus 

on the critical period of growth between 3- and 9 mo of age.  In some of the earliest work with 

exogenous GH and young dairy heifers, Sejrsen et al (1986) showed that bST treatment 

decreased total mammary gland weight, by reducing extraparenchymal tissue, but increased PAR 

tissue.  Subsequent studies showed that GH specifically stimulated epithelial proliferation (Berry 

et al., 2001; Berry et al., 2003b).  In our current study, we report similar effects on mammary 

gland mass and fat deposition in bST treated glands.  However, we did not see the same increase 

in PAR that has been previously reported (Sejrsen et al., 1986; Carstens et al., 1997; Radcliff et 

al., 1997).  Furthermore, biochemical analysis revealed no compositional changes in PAR due to 

bST.  Consistent with our findings Capuco et al (2004) reported no effect of bST on PAR mass 

or PAR composition.  

The exact mechanism of GH regulation in mammary gland development remains unclear. 

It was previously suggested that the effects of GH on the mammary gland were indirect.  Radio-

labeled binding assays showed no specific binding of GH to mammary tissue (McFadden et al., 

1990; Purup et al., 1995).  However, both GHR mRNA and protein have been detected in the 

mammary gland suggesting a possible direct effect of GH (Sinowatz et al., 2000; Plath-Gabler et 

al., 2001).  In our current study we were able to detect the presence of GHR mRNA in mammary 

PAR.  But it is important to realize that this does to differentiate where the receptor is expressed 

with in the epithelial cells, the closely associated stromal cells or both.  However, exogenous 

bST had no effect on GHR mRNA expression in mammary MFP but did decrease expression in 

samples of PAR.  This is in partial agreement with Plath-Gabler et al (2001) who reported 

consistent GHR mRNA expression across developmental stages.  Mounting evidence suggests 
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that many GH associated actions are mediated via the potent mammary mitogen IGF-I (Akers et 

al., 2000; Divisova, 2006).  Previous reports have shown a concomitant increase in circulating 

IGF-I levels with the administration of exogenous GH (Purup et al., 1993; Vestergaard et al., 

1995; Berry et al., 2001).  Consistent with these reports, exogenous bST increased circulating 

concentrations of IGF-I in our current study.  Interestingly, both GH and IGF-I concentrations 

returned to that of Sal treated animals by the time of the next treatment injections (data not 

shown).  While this is consistent with reports that the effects of GH are transient, this decrease in 

hormone levels may also indicate a mistiming of our sampling scheme.  We presupposed a more 

prolonged and regular release of GH over the 21d period i.e. 23.8 mg/d if release were assumed 

to be linear.  Further, the overall dosage of bST administered was markedly higher (~ 10-fold) 

for these heifers than what is approved for use in mature lactating cows on a body weight basis 

i.e. approximately 500 mg/50kg in these heifers at the time of the first injection vs. 

approximately 500 mg/525kg in mature lactating Holstein dairy cows.  This was also a part of 

our reasoning for extending the treatment window from 14d (recommended for mature lactating 

cows) to 21d in these prepubertal heifers.  We had also reasoned that any practical use of bST in 

heifers would most likely depend on application of the currently commercially available 

formulation.  Clearly, by 21d concentrations of GH in Sal and bST treated heifers were 

essentially identical so our assumption of more prolonged release was incorrect.  Nonetheless, it 

is also evident that circulating concentrations of GH were elevated during a portion of the time 

between injection times.  Table 2.4 summarized data related to treatment with bST in heifers but 

again not with the very immature animals used in our study.  

In older heifers, exogenous GH has been shown to increase [3H]-thymidine incorporation 

by mammary epithelia by up to six-fold (Berry et al., 2001; Berry et al., 2003b).  To our surprise 
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we measured a decrease in proliferation in response to bST as assessed by PCNA and ABC3 

gene expression.  Furthermore, Ki67 immunohistochemistry was similar for both bST and Sal 

treated animals.  These findings are however consistent with Capuco et al (2004) who reported 

unmodified Ki67 labeling index.  Consistent with previous studies, mammary gland histology 

was not affected by GH (Sejrsen et al., 1986; Purup et al., 1993).  Both Sal and bST treated 

glands contained similar histological architecture of large, medium and small sized ducts, as well 

as subtending ducts and terminal ductal units that have invaded surrounding stroma as described 

by Capuco and Ellis (2005).  

Increasing attention has been focused on identifying putative stem cells within the bovine 

mammary gland.  Supporting the idea of stem cells is the regenerative abilities of the mammary 

gland.  A fully functioning mammary gland can be generated by transplanting regions of murine 

ductal tree into cleared fat pad (Smith, 2005).  Furthermore, transplantation of ductal tree from 

the newly generated gland will also generate fully functioning mammary gland, suggesting self 

renewal that is characteristic of stem cells.  The ability to not only detect stem cells but to also 

manipulate them within the bovine mammary gland has possible practical implications for the 

dairy industry.  Ellis and Capuco (2002) reported the presence of lightly staining, BrdU-positive 

cells in the prepubertal bovine gland and further suggested that these cells may be putative stem 

cells.  They went on to further show that this population of cells decreased as the heifers got 

older.  Our current study further supports these findings.  While we did not evaluate staining 

intensity of mammary epithelial cells we did evaluate proliferation using BrdU and Ki67.  While 

BrdU, a thymine analog, is incorporated into actively synthesizing DNA, Ki67 is expressed in 

cells actively synthesizing DNA.  The use of both markers not only allowed us to quantify 

actively dividing cells (Ki67/BrdU) but it also allowed us to detect cells that had previously 
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divided (BrdU).  We report that in the PAR of E harvest heifers less than 2% of the epithelial 

cells were BrdU-positive, regardless of treatment.  This percentage decreased to less than 0.5% 

in L harvest animals. We also reported that less than 3% of epithelial cells from E harvest tissues 

were Ki67-positive.  Similar results were seen in L harvest tissues, with less that 2% of epithelial 

cells staining positive for Ki67.  Furthermore, of the BrdU-positive cells only 30-35% of these 

cells were also Ki67-positive.  This proportion changed in L harvest, BrdU-positive cells, with 

67% of BrdU-positive cells also staining positive for Ki67.  This small proportion of dual-

labeled positive cells suggests that BrdU-positive/Ki67-negative cells are not actively dividing 

and may possibly be putative stem cells. This is further supported by the increase in dual-labeled 

BrdU-positive/Ki67-positive cells that may coincide with the rapid growth and maturation of the 

mammary gland that begins during the allometric growth phase.  Interestingly, it has been 

previously reported that while overall BrdU-labeling was unresponsive to treatment it was 

spatially regulated in the mammary gland.  Furthermore, Ellis and Capuco (2002) reported that 

the proportion of lightly staining cells was lowest in areas undergoing rapid proliferation and in 

highly differentiated areas.  We did not evaluate regional differences for BrdU labeling but it 

would be interesting to see if not only was there a difference in BrdU incorporation by region but 

also to see if the BrdU-positive/Ki67-negative cells were actually lightly staining as well. 

 Based on our current findings, exogenous GH appears to have little mitogenic effect in 

the early prepubertal mammary gland.  Although this is in contrast to much of the published 

literature there might be several plausible explanations.  First, it is possible that any mitogenic 

effects may have peaked prior to the time of tissue sampling.  However, this is unlikely due to 

the fact that mammary architecture was widely unaffected by bST. While it is possible that we 

may have missed proliferative peaks, the absence of difference in amount of epithelium present 
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as well as the lack difference in the number of different sized ducts present due to bST suggests 

another underlying factor.  Furthermore, previous studies have reported marked differences in 

BrdU labeling in response to various treatment regimens.  A closer look at many of these studies 

shows treatments were directly infused into mammary quarters.  It is possible that while we saw 

increases in circulating IGF-I due to bST administration, local concentrations of IGF-I were 

unaffected.  Berry et al. (2001) reported no increase in mammary IGF-I mRNA in response to 

exogenous GH.  Moreover, Velayudhan (2009) reported no increase in local mammary IGF-I 

mRNA in response to treatment with bST.  It is possible that the naive neonatal gland is unable 

to respond to GH.  For example, Purup et al (1993) showed that mammary glands of 

ovariectomized heifers were unresponsive to exogenous bST implying a need for ovarian steroid 

priming.  Furthermore, Berry et al. (2003a) reported decreased sensitivity to IGF-I in mammary 

glands of older prepubertal ovariectomized heifers.  The first reported increase in circulating 

estrogen levels does not occur until approximately 3 mo with the initiation of allometric growth 

(Purup et al., 1993).  It is plausible then that estrogen levels and/or ovarian function in these 

heifers were too low to allow for GH induced stimulation of mammary epithelial cell 

proliferation.  It would be interesting to follow young heifers treated with exogenous GH through 

first lactation. It is possible that while we saw no immediate effects of bST in these young 

animals, differences in lactation performance may be present.  
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Figure 2. 1. Experimental Design for Heifers Treated with Posilac and placebo 
Heifers were randomly assigned to one of two treatments, Posilac (bST ; 500 mg of BST; n = 9) or 
Control (Sal; 0.9% saline; n = 9) beginning on d 23. Heifers were then assigned to either an early (E) or 
late (L) tissue harvest group.  Animals in the E group received two injections, 21 d apart, and tissues were 
harvested 21d later.  Heifers in the L harvest group received four injections 21 d apart, and tissues were 
harvested 21d later. 
  

Day                     23           44            65            86          107 

Early 
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bST/Sal    bST/Sal     Harvest 

           bST/Sal    bST/Sal    bST/Sal   bST/Sal   Harvest 
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Figure 2. 2. Body weight and body weight gain for Posilac and placebo treated heifers 
Body weight (BW) (kg) and BW gain (kg) of heifers treated with Posilac (bST; 500 mg) or Placebo (Sal; 
0.9% saline). A. Treatments were early (E)-Sal (closed diamond; n = 4), E-bST (open square; n = 4), late 
(L)-Sal (open triangle; n = 5) and L-bST (crossed line; n = 5). There was no difference between bST or 
Sal treated animals for either E  (P = 0.44) or L (P = 0.12) harvest groups. Heifers in all treatment groups 
increased overall BW. B. Heifers in the Early  harvest receiving bST gained more BW than Sal treated 
heifers (P = 0.02). There was no significant difference in BW gain for Late harvest heifers (P = 0.17). 
Data presented are LS means ± standard error.  
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Figure 2.3. Total weight and weight per 100 kg body weight for Posilac and placebo treated heifers 
Heifers received one of two treatments Posilac (bST; 500 mg; n = 9) or Placebo (Sal; 0.9% saline; n = 9). 
Heifers were then assigned to either a early (E) or late (L) harvest group.  A. There was no difference in 
total weight of mammary gland (MG;  P = 0.64), parenchyma (PAR; P = 0.66) or mammary fat pad 
(MFP; P = 0.22) between bST and Sal treated heifers.  Late harvest heifers had significantly larger MG 
(P <0.05), more total PAR (P < 0.05) and tended to have more MFP (P = 0.07) than E harvest heifers.  B. 
Sal treated heifers had more MFP per 100 kg BW (P = 0.04) and  tended to have more total MG per 100 
kg BW (P = 0.10).  Late harvest heifers had more PAR per 100 kg BW than E harvest heifers (P < 0.05). 
There was no difference in PAR per 100 kg BW (P = 0.50) between bST and Sal treated heifers. There 
was no difference in MG per 100 kg BW (P = 0.30) or MFP per 100 kg BW (P = 0.99) between E and L 
harvest heifers. Data presented are LS means ± standard error.  
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Figure 2.4. Gene expression for PCNA, ABC3 and GHR in Posilac and placebo treated heifers 
Heifers were randomly assigned to Posilac (bST; 500 mg; n = 9) or control treatments (Sal; 0.9% saline; 
n = 9).  Heifers were then assigned to either a early (E) or late (L) harvest group.  Relative gene 
expression is presented with Sal treated heifers represented by solid line at 1.00.  A. In parenchyma 
(PAR), bST treated (P = 0.07) and L harvest  (P = 0.07) heifers tended to have decreased expression of 
PCNA.  Expression of ABC3 (P = 0.05) and GHR (P = 0.05) was downregulated in bST heifers relative 
to Sal heifers. Heifers in the L harvest group had decreased expression of GHR (P = 0.04). B. In 
mammary fat pad (MFP), there was no effect of bST treatment on the expression of PCNA, ABC3 or 
GHR.  Expression of PCNA tended to be decreased in E harvest heifers (P = 0.06). Data expressed as fold 
difference (2-∆∆Ct). 
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Table 2. 1. Proximate Composition of Mammary Gland Parenchyma 
Proximate composition of mammary gland parenchyma (PAR) treated with Posilac (bST; 500 mg) or 
Placebo (Sal; 0.9% saline)a 

a Data are presented as LS means ± SEM 
b Significance was set at P ≤ 0.05 
c  Main effect of treatment 
d  Main effect of harvest time 
e  Effect of treatment, harvest time interaction 
f Represents total in PAR 

 
 
  

  
Treatment P Valueb 

  
bST Sal Trt c Time d Trt*Time e 

Protein: µg/mg tissue   31 + 6    35 + 6 0.717 0.749 0.200 
  µg/100 kg BW 448 + 187  497 + 187 0.884 0.034 0.628 
  Total, mg f 540 + 206  516 + 206 0.936 0.200 0.603 
DNA: µg/mg tissue       3 + 0.2      3  + 0.2 0.676 0.004 0.019 
  µg/100 kg BW     35 + 10     56 + 10 0.147 0.002 0.276 
  Total, mg f     41 + 13     63 + 13 0.254 < 0.001 0.353 
Lipid: mg/g tissue   336 + 69   159 + 69 0.100 0.107 0.007 
  mg/100 kg BW 1441 + 2856 4191 + 2856 0.511 0.350 0.436 
  Total, mg f 1604 + 3664 4937 + 3664 0.535 0.480 0.482 
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Table 2.2. Proximate Composition of Mammary Gland Fat Pad 
Proximate composition of mammary gland mammary fat pad (MFP) treated with Posilac (bST; 500 mg) 
or Placebo (Sal; 0.9% saline)a 

a Data are presented as LS means ± SEM 
b Significance was set at P ≤ 0.05 
c  Main effect of treatment 
d  Main effect of harvest time 

e  Effect of treatment, harvest time interaction 
f Represents total in MFP  

   Treatment P Valueb 
   bST Sal Trt c Time d Trt*Time e 
Protein: µg/mg tissue       28 + 2       27+ 2 0.879 0.181 0.070 
  µg/100 kg BW     800 + 138   1257+ 138 0.038 0.399 0.009 
  Total, g f     924 + 141  1161 + 141 0.259 0.017 0.016 
DNA: µg/mg tissue          1 + 0.2         1 + 0.2 0.796 0.856 0.311 
  µg/100 kg BW        28 + 8       51 + 8 0.060 0.910 0.028 
  Total, mg f        32 + 9         46+ 9 0.276 0.282 0.077 
Lipid: mg/g tissue      411 + 63     344 + 57 0.446 0.574 0.377 
  mg/100 kg BW 12177 + 3741 16802 + 3415 0.383 0.554 0.553 
  Total, mg f 13217 + 3320 15144 + 3031 0.677 0.674 0.517 
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Figure 2.5. Proportion of mammary epithelium present per unit area of Parenchyma 
Holstein heifers received either Posilac (bST; 500mg; n = 9) or Control (Sal; 0.9% saline; n = 9) and 
samples harvested at two different time points; early (E) or late (L).  Amount of epithelial per unit area 
was expressed as a proportion.  There was no difference in the amount of epithelium present in PAR from 
bST and Sal heifers (P = 0.52).  There was a tendency for L harvest heifers to have increased epithelial 
structures per unit area (P = 0.08).  
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Table 2.3. Number of epithelial structures in the mammary parenchyma 
Number of epithelial structures in the mammary parenchyma from early and late harvest Holstein heifers 
treated with bST or Sala.  
 

 Treatment    

 Sal bST P Valueb 

 Early Late Early Late 
Trt c Time d Trt*Time e 

Large ducts 0.6 ± 0.2 0.6 ± 0.2 0.6 ± 0.2 0.9 ± 0.2 0.637 0.613 0.637 

Medium ducts 4.0 ± 1.4 6.6 ±1.3 2.9 ± 1.4 4.9 ± 1.2 0.319 0.104 0.879 

Small ducts 4.1 ± 3.4 15.8 ± 3.0 3.1 ± 3.4 8.4 ± 3.0 0.207 0.018 0.330 

Buds 4.0 ± 1.5 7.8 ± 1.3 7.3 ± 1.2 6.6 ± 1.3 0.494 0.023 0.867 

Total  12.7 ± 5.8 30.9 ± 5.2 9.7 ± 5.8   20.8 ± 5.7 0.250 0.017 0.523 
a Data are presented as LS means ± SEM 
b Significance was set at P ≤ 0.05 
c  Main effect of treatment 
d  Main effect of harvest time 

e  Effect of treatment, harvest time interaction 
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Figure 2. 6. Labeling index for proliferation and putative stem cell markers in the mammary 
epithelial cells 
Labeling index for proliferation and putative stem cell markers in the mammary epithelial cells of 
Holstein heifers received either Posilac (bST; 500 mg) or Control (Sal; 0.9% saline) and samples 
harvested at two different time points; early (E) or late (L).  A. Labeling index for BrdU positive cells 
was not different between Sal and bST (P = 0.37).  There was a tendency for L harvest heifers treated 
with bST to have fewer BrdU labeled cells compared to E harvest heifers treated with Sal (P = 0.06). 
Also, E harvest heifers had a greater percentage of BrdU label-retaining cells compared with L harvest 
heifers (P = 0.02).  B. Labeling index for Ki67 positive cells was not affected by treatment (P = 0.42), 
time of harvest (P = 0.27) or interaction between treatment and time (P = 0.91).  C. Labeling index for 
cells which are positive for both BrdU and Ki67 was neither different between bST and Sal (P = 0.37) or 
between E and L harvest time (P = 0.93) and there was no interaction between treatment and time of 
harvest (P = 0.58). 
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Table 2.4. Comparison of published studies administering exogenous growth hormone to young heifers 
 Comparison of published studies administering exogenous growth hormone (GH) to young heifers, modified from Sejrsen et al (1999). 

  

Reference Breed Dose No. of 
Animals 

Treatment 
Period BW/age at Start BW (kg) at 

Slaughter 
% Change in 

PAR 

Sejrsen et al (1986) Danish Friesian x Danish Red 20 U/day 18 16 wk 179 kg/ 8 mo 276 +18 

Sandles and Peel (1987) Jersey x British Friesian 0.6 mg/kg 0.75/d 8 21 wk 3.5 mo 171 +20 

Singh et al (1991) Holstein Friesian 8.2 mg/day 39 17 wk 6.9 mo  -9 

Purup at al (1993) Danish Friesian 15 mg/day 8 15 wk 147 kg/ 5.8 mo 231 -13 

Carstens et al (1997) Holstein Friesian x Angus 500 mg/2 wk 35 to 390 kg 159 kg/ 6 mo 396 +48 

Radcliff et al (1997) Holstein Friesian 25 µg/kg/day 38 To 5th estrus 126 kg 396 +46 

Capuco et al (2004) Holstein Friesian 100 µg /kg/d 72 
2 mo 

7 mo 
3 mo 300 0 
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CHAPTER III: EFFECT OF EXOGENOUS SOMATOTROPIN AND STAGED 

OVARIECTOMY ON MRNA EXPRESSION OF SELECT ECM-REALTED GENES 

 

INTRODUCTION 

It is nearly impossible to discuss mammary gland growth and development without great 

consideration given to the role of steroid hormones specifically estrogen (E) and growth 

hormone (GH).   Several decades ago, in now classic rodent endocrine ablation studies (triply 

operated with pituitary, ovary and adrenal removed), Lyons (1958) reported ductal growth in 

response to E and GH.  Moreover, alveolar growth could not be rescued in hypophysectomized 

rodents treated with steroid hormones alone (Tucker, 1981).  The exact mechanism of E or GH 

action is unclear.  It was subsquently reported that despite the mammogenic effects of GH these 

actions appeared to be mediated through IGF-I and not direct mammary stimulation (McFadden 

et al., 1990).  However, recent literature has reported the presence of both GH receptor (GHR) 

mRNA and protein, indicating the possibility of a direct effect (Sinowitz et al., 2000; Plath-

Gabler et al., 2001).  While many studies support the generally accepted notion that many GH 

actions are mediated via IGF-I there is mounting evidence that E also exerts regulatory control in 

the mammary gland, at least in part, via IGF-I.  Estrogen has been shown to increase epithelial 

cell proliferation, increased expression of IGF-I mRNA as well as synthesis of IGF-I (Woodward 

et al, 1993; Berry et al., 2001).  

At birth, the ruminant mammary gland is little more than rudimentary ducts surrounded 

by stroma (STR) and fat pad (MFP).  At approximately three months of age the mammary gland 

enters a phase of allometric growth characterized by extensive invasion of the STR and MFP by 

the epithelial structures (Meyer et al., 2006; Sinha and Tucker, 1969).  Consequently the 
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surrounding STR, which consists of fibroblasts, pre-adipocytes and extracellular matrix (ECM), 

must be remodeled and degraded.  Composed of STR elements and the basement membrane 

(BM), the ECM historically was considered primarily structural support for attached epithelial 

cells.  Current literature now shows that the ECM plays a vital role in cell proliferation, 

migration, and morphogenesis.  Moreover, it has been shown in the rodent mammary gland that 

STR exerts its control over epithelium via modulations of surrounding ECM (Woodward et al., 

2000).  Extensive work in rodent and human cell culture models demonstrates that the ECM is 

capable of modulating mammary epithelial response to growth factors (Xie and Haslam, 1997; 

Woodward et al., 2000).  Furthermore, ECM molecules are also involved in regulating insulin-

like growth factor-I receptor (IGF-IR), epidermal growth factor receptor (EGF-R) and 

concentrations of IGF-I binding proteins in mammary tissue (Woodward et al., 2000).  Recent 

work by Berry et al (2003a) showed localization of key ECM proteins within the bovine 

mammary gland suggesting a specific role for each in regulating mammary gland development. 

Despite great advancements in our understanding of the role of the ECM in mammary 

development generally, the exact mechanisms remain unclear.  Furthermore, most studies 

investigating the role of the ECM in the bovine mammary gland has focused on the induction 

and maintenance of milk component biosynthesis.  Extensive work employing in vitro cell 

culture has provided many details into the functioning of the ECM in mammary gland 

development but little is known about in vivo mechanisms.  In our current study we examined 

modifications in the microenvironment of the ECM in response to exogenous GH and 

ovariectomy (OVX).   We hypothesized that the administration of exogenous GH would modify 

expression of select ECM-related genes involved in cell signaling, proliferation and 

differentiation.  We further hypothesized that while ovarian hormones are necessary to initiate 
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allometric growth, the mammary gland is capable of maintaining growth in the absence of 

ovarian hormones. 

 

MATERIALS AND METHODS 

Animals and Tissue Harvesting 

In a first experiment, 19 new born Holstein heifer calves (7 ± 4 d) were purchased from a 

commercial dairy in Florida.  The Virginia Tech Institutional Animal Care and Use Committee 

approved all animal procedures. Animals were housed at the Virginia Tech Dairy Center 

(VTDC) for the duration of the study.  Calves were randomly assigned to either Posilac (bST; 

500 mg of bST; n = 10; Monsanto Co., St Louis, MO) or Placebo (Sal; 0.9% saline; n = 9) 

treatment (Figure 3.1).  Within treatment, animals were assigned to an early (E) or late (L) 

harvest point.  Treatments were initiated on d 23 and repeated every 21 d thereafter as 

subcutaneous injections in the region over the scapula.  Animals in the E harvest group received 

two injections and were sacrificed 21 d after the second injection.  Animals in the L harvest 

group received four injections and were harvested 21 d after the fourth injection.  One heifer was 

dropped from the study after harvest due to chronic illness.  

In a second experiment, 24 new born Holstein heifer calves were purchased from regional 

dairy operations and housed at the Simpson Experiment Station at Clemson University.  All 

animal care and use protocols used in the study were approved by the Clemson University 

Institutional Animal Care and Use Committee.  Calves were randomly assigned to one of two 

treatments, ovariectomy (OVX; n = 12) or sham operation (INT; n = 12) (Figure 3.2).  Surgeries 

were performed at 2-, 3- , and 4-mo of age.  Briefly, incisions were made in left flank region 

after application of local aesthetic (Lidocane HCl, 2%).  Ovaries were first palpated and then 
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removed using a Meagher Ovary flute.  In INT animals, ovaries were palpated and left in place.  

One animal was euthanized at time of surgery due to intestinal puncture.  Thirty days after each 

respective surgery, mammary gland tissue was harvested.  At harvest all OVX animals were 

inspected to ensure that OVX was complete.  Two OVX heifers were removed from the study 

after finding ovarian tissue in the body cavity; another calf was removed due to minuscule 

parenchymal tissue.  For data analysis, the OVX group had 8 heifers and INT, 12 heifers.  

At the time of sacrifice mammary glands were immediately removed.  Glands were 

bisected along the medial suspensory ligament and one udder half was immediately snap-frozen. 

Parenchyma (PAR) and fat pad (MFP) were dissected out from the remaining glands.  Tissues 

were snap-frozen and stored at -80oC for future use in RNA extraction and mRNA expression 

work. 

 

RNA Extraction and Reverse Transcription 

Total RNA was extracted as previously described.  Briefly, tissue samples were 

homogenized in TRI reagent (Molecular Research Center, Inc., Cincinnati, OH).  Homogenates 

were separated into phases using chloroform.  Isopropanol was added to the aqueous phase to 

precipitate RNA.  Precipitated RNA was alcohol washed (75% EtOH in RNase free water) and 

the resulting pellet air dried and resuspended in diethyl pyrocarbonate (Sigma-Aldrich, St. Louis, 

MO) treated water.  Concentration and purity of extracted RNA were determined using a 

Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE).  Single 

stranded cDNA was reverse transcribed from total RNA using a High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystem, Foster City, CA).  Briefly, 20µg of RNA was reverse 
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transcribed in reaction with a final volume of 20µl using random primers and 0.02U of Rnase 

inhibitor.  Resulting cDNA was diluted 1:10 and used in quantitative real time PCR reactions. 

 

Quantitative Real Time PCR 

Quantitative real-time PCR was performed on 13 target genes (Table 3.1).   With the 

exception of collagen I (Col I) and fibronectin (FN) all primers were designed using GenBank 

sequences.  Published primer sequences were used for Col I and FN.  All primers were designed 

against the corresponding bovine gene.  Two microliters of diluted cDNA were combined with 

12.5 µL of SYBR Green dye (Applied Biosystems, Foster City, CA), 9.5 µL of sterile distilled 

water, 0.5 µL of 10 µM of both forward and reverse primers.  Real time PCR conditions were 

95°C for 10 min, 95°C for 15 s, and 60°C for 1 min and performed in a 7300 Series Real-Time 

System.  Data were analyzed using SDS software (Applied Biosystems, Foster City, CA).  Cycle 

thresholds (Ct) values of genes of interest were normalized (ΔCt) using the geometric mean of 

three endogenous reference genes: PPP1R11 (HSK1), RPS15A (HSK2) and MTG1 (HSK3) 

(Pianotoni et al., 2008) (Table 3.1).  Target genes were: ecadherin (Ecad), heat shock protein 90 

(HSP), rac-1 (Rac), β-catenin (βCat), aldehyde dehydrogenase 1A1 (ALD), protein disulfide 

isomerase (DSI), epimorphin (Epi), transferrin (Tran), syndecan (Syn), fascin (Fas), collagen I 

(Col), fibronectin (FN), and laminin (LN).  Data were expressed as fold difference, calculated as 

2(-Δ∆Ct).  Primers were designed using Primer Express Software 3.0 (Applied Biosystems, Foster 

City, CA) and purchased from Integrated DNA Technologies (Coralville, IA).  All primers were 

diluted to 10 µM in RNase/DNase free water.  Efficiency of endogenous reference genes and 

target genes was tested using five dilutions of cDNA in duplicate.  Additionally, dissociation 
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curves were run on all samples to detect primer dimers, contamination or presence of other 

amplicons.  

 

Statistics 

All data were analyzed using the Mixed Procedure of SAS (Version 9.2 SAS Institute 

Inc., Cary, NC).  Pairwise comparisons were carried out using the Tukey test.  The main effects 

were treatment, group (for experiment 1, E or L; for experiment 2, age at surgery), and the 

interaction between the two were analyzed.  The model statement was: 

Υ ijk = µ + Ti + Gj + (TG)ij + e (ijk), 

where Υ ijk is the dependent variable gene expression (∆Ct) for 13 select genes (Table 3.1), µ is 

the overall mean; Ti is the fixed effect of treatment (bST v Sal; i = 1, 2) or (OVX v INT; j= 1, 2); 

Gj is the fixed effect of harvest group (Early v Late; j = 1, 2) or (age at surgery; j = 1, 2, 3); (TG)ij 

is the effect of the interaction between treatment and group and e (ijk) is the residual error 

(assumed to be normally and independently distributed).  Graphical representation of gene 

expression data is given as treatment relative to control animals calculated as 2-∆∆Ct (where ∆∆Ct 

= [(CtTa r- CtHSK)Exp – (CtTar - CtHSK)Con]).  Significance was declared at P ≤ 0.05. Trends were 

declared at P ≤ 0.1.  

 

RESULTS 

Effect of bST on Transcript Abundance 

Expression of FN in PAR was downregulated in bST treated heifers relative to Sal (P = 

0.04) (Figure 3.3A).  No other ECM-related genes were affected by bST in PAR.  In MFP, bST 
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had no significant effect on expression of the selected (Figure 3.3B).  In PAR, expression of Tran 

was downregulated (0.6-fold) in L harvest relative to E harvest heifers.  In MFP, expression of 

DSI in bST treated heifers was upregulated (2.9-fold) relative to Sal in E harvest heifers (P = 

0.01).  Also, expression of Syn was increased (5.3-fold) in L harvest relative to E harvest heifers 

for Sal treatment.  None of the other tested genes were affected by harvest group or an 

interaction between treatment and harvest group. 

 

Effect of OVX on Transcript Abundance 

In PAR, Tran and FN expression were down regulated (P = 0.04 and P = 0.05, 

respectively) while Epi was upregulated (P = 0.01) in OVX relative to INT heifers (Figure 

3.4A).  In MFP, Rac was upregulated (P = 0.02) while Epi was down regulated (P = 0.04) in 

OVX heifers (Figure 3.4B).  No other genes were affected by OVX in either PAR or MFP.  

Expression of FN in PAR was lower (30%) in 4 mo relative to 2 mo heifers (P = 0.05).  In MFP, 

ALD expression was reduced (50%) in 3 mo compared with 2 mo old heifers (P = 0.05).  

Expression of Epi was less (20%) in 4 mo compared with 2 mo heifers (P = 0.02).  Expression of 

Tran was reduced (60%) in 3 mo relative to 2 mo heifers and greater (148%) in 4 mo compared 

to 3 mo heifers (P = 0.02).   No other genes were affected by age or an interaction between 

treatment and age. 

 

DISCUSSION 

This study is an extension of previous work from our lab that evaluated the effect of 

exogenous GH and OVX on mammary gland composition, proliferation, and histology in older 

prepubertal heifers.  Unexpectedly, we reported that for this group of very young prepubertal 
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heifers that exogenous GH had minimal impact on several measures of mammary development 

including: PAR mass, histology, and rate of cell proliferation based on Ki67 staining (Chapter 2).  

In contrast, ovariectomy of prepubertal heifers decreased PAR accumulation per unit of 

BW but in related fashion had minimal effect on several other measures of mammary 

development (Velayudhan, 2009).   Regardless, of the relative importance of GH or ovarian 

factors, growth and development of mammary tissue during even the very early prepubertal 

period provides the foundation of mammary epithelial cells that are the precursors for ductal 

expansion that begins in earnest with the onset of puberty.  Furthermore, despite the fact that the 

absolute mass of mammary PAR growth during the early prepubertal period is only a fraction of 

the mass of PAR in the udder of a late pregnant heifer for example, the relative change between 

30 and 90 d of age is nonetheless dramatic being approximately 60-fold, i.e. from about 150 mg 

to 10 g in each mammary gland (Akers et al., 2005).   

Consequently, we wanted to evaluate changes in the microenvironment of the 

surrounding ECM in an attempt to further understand growth and developmental responses 

irrespective of the role of GH or ovarian secretions on over all mammary tissue development.  

We measured the expression of select ECM-related genes involved in cell proliferation, 

migration and morphogenesis in these heifers (Table 3.2).  The chosen genes were selected 

because they were either shown to be perturbed by plane of nutrition (known to impact 

peripubertal mammary development) or are involved in ECM functioning. 

Expression of FN, which functions in attaching ECM to BM, and its receptor α5β1 have 

been shown to be both developmentally and hormonally regulated.  Woodward et al. (2001) 

showed that FN expression in mice increased 3-fold in the first 10 wk of life.  Integrin α5β1 

follows a similar pattern, increasing throughout early gestation and declining sharply in late 
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gestation (Haslam and Woodward, 2001).  In our current study, we report a small but significant 

decrease in FN mRNA expression in response to both exogenous bST and OVX.  This is 

surprising since in older heifers impaired mammary growth linked with ovariectomy is 

associated with increased expression of FN.  Secondly, we have also shown that proliferation of 

bovine mammary epithelial cells in response to IGF-I is reduced in cells incubated on FN coated 

tissue culture dishes.   

Whether or not GH acts directly on the mammary gland is currently unclear.  While GH 

receptor (GHR) mRNA and protein have been located in mammary, implying a direct action, 

experiments using labeled GH have not shown binding to mammary tissue (McFadden et al., 

1990; Purup et al., 1995).  Alternatively, it has been generally accepted that IGF-I is a mediator 

of many GH related effects in multiple tissues.  Based on previous studies and our findings, 

while we cannot conclusively show a direct effect, we have shown a positive correlation between 

exogenous GH administrations and plasma concentrations of IGF-I and mammary IGF-IR 

mRNA expression (Berry et al., 2003b).  Growth factors such as IGF-I are involved in complex 

regulatory partnerships with the ECM and its constitutive molecules.  Growth factors are not 

only capable of binding the ECM directly but also inducing synthesis and secretion of select 

ECM molecules which in turn are able to mediate or abolish growth factor signaling (Hansen et 

al., 2000).  For example, in the murine mammary gland IGF-I and EGF work synergistically to 

promote epithelial cell proliferation.  In this specific case, this synergistic effect has been 

attributed to IGF-I up regulation of EGFR expression (Woodward et al., 2000).  In return EGF 

dampens the inhibitory effects of IGF-I binding proteins (IGF-BP) 2 and 3.  Expression of IGF-

BP 2 and 3 is attenuated in cells cultured on FN (Woodward et al., 2001).  Interestingly, these 
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cells also show a 3-fold increase in expression of EGFR compared to cells cultured on other 

ECM molecules implying a reciprocal relationship between EGF and IGF-1.  

In contrast with older heifers, removal of ovarian hormones by OVX in sexually mature 

mice has been shown to lead to a reversible decrease in FN and integrin α5β1 expression (Haslam 

and Woodward, 2001; Woodward et al., 2001).  FN and α5β1 are vital in mediating hormonal and 

growth factor effects on the mammary gland.  Experiments conducted using mouse epithelial-

derived cell lines showed increased DNA synthesis and retention of estrogen receptor (ER) when 

these cells were cultured on FN in the presence of progesterone (P4) (Xie and Haslam, 1997).  

Additionally, a proliferative response to P4 can only be seen when cells are cultured, serum-free, 

on FN (Woodward et al., 2001).   

We have reported an absence of the progesterone receptor (PR) in OVX heifers 

(Velayudhan, 2009).  Based on our current findings and previous studies it is logical to 

hypothesize that decreased FN expression may have mediated the abolishment of PR expression 

in OVX heifers.  Expression of FN and α5β1 is maximal at times of E- and P-dependent 

proliferation in the mammary gland (Ferguson et al., 1992; Woodard et al., 2001).  Moreover, 

α5β1 levels increase prior to PR induction but after stimulation by E.  Taken together it is 

plausible that OVX abolished E-induced FN expression therefore abolishing PR induction.  

However, the contrast in the FN response to ovariectomy in older heifers is puzzling but may 

simply indicate an unexpected impact of physiological age or stage and the capacity of the ovary 

to influence mammary development.  At its simplest, the relative refractoriness of the mammary 

gland of these young heifers to either exogenous GH or ovariectomy is in contrast to tissue 

responses of older heifers.  
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In our current study, we limited detection of ECM-related molecules to qRT-PCR.   

While sufficient for relative comparison and detection of total mRNA species, this is not always 

an adequate reflection of protein synthesis and secretion.   Furthermore, we did not investigate 

fragmentation of ECM glycoproteins.  It has been previously shown that ECM glycoprotein 

function can be modified by degradation.  Cleavage of LM-5 by matrix metalloproteinases 

(MMPs) exposes a binding domain that is capable of stimulating EGFR in a ligand-independent 

manner (Giannelli et al., 1997; Schenk et al., 2003).  The presence of FN fragments is associated 

with loss of epithelial integrity in the mammary gland (Schedin et al., 2000).  Low molecular 

weight fragments have been shown to increase during involution concomitantly with an increase 

in DNA fragmentation.  Furthermore, Schedin et al (2000) showed that FN-fragments perturb 

epithelial cell substrate attachment pushing cells into apoptotic cell death.  Thus interactions 

between just FN and tissue response and the myriad of mammary active mitogens are clearly 

complex.  

In addition to modifying FN, OVX increased Epi, and decreased Tran expression in PAR. 

In the MFP, ovariectomy increased expression of Rac but decreased Epi expression.  A plasma 

membrane anchored protein, Epi is known to have a dramatic influence on epithelial 

morphogeneis in multiple tissues (Bascom et al, 2005).  This morphogen is composed of a 

cytoplasmic domain, that regulates vesicle bundling, and an extracellular domain that is 

responsible for transmitting morphogenic signals (Bascom et al., 2005).  In virgin mice Epi has 

been localized to stromal fibroblasts, myoepithelial cells and it appears to surround many ducts 

(Hirai et al., 1998; Bascom et al., 2005).  Epi functions are presentation-dependent.  When 

presented to the periphery of epithelial cells, Epi stimulates the organization of a lumen and side 

branching in epithelial cells, however, if presented to the entire cell Epi stimulates radial growth 
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and the cells organize into spheres (Hirai et al., 1998).  In OVX heifers, Epi expression was 

increased in PAR and decreased in MFP.  In normal development, the presence of Epi primes 

cells to undergo morphogenesis in the presence of growth factors while simultaneously inhibiting 

proliferation (Hirai et al., 1998).  This suggests that increased Epi expression could explain the 

impairments in ductular development that occurs in older ovariectomized heifers (Berry et al., 

2003c).  Failure to observe such responses in this experiment may reflect the fact that only 30d 

lapsed between the time of ovariectomy and tissue collection.  Epi induces morphogenesis in an 

MMP-dependent manner, specifically by degrading Col I (Hirai et al., 1998; Simian et al., 2001).   

Iron (Fe) is an important regulator of cellular process such as cell growth and metabolic 

processes (Dai et al., 2008).  Concentrations of extracellular Fe are regulated by Tran and its 

membrane-bound receptor, TfR.  Tran is considered to be an essential growth factor for cell 

proliferation and differentiation and lack of Tran is associated with increased apoptosis 

(Weinzimer et al., 2001; Vyhlidal et al., 2002).  Tran functions to bind extracellular Fe and 

transport the mineral into the cell via receptor mediated endocytosis (Vyhlidal et al., 2002; Dai et 

al., 2008).  Tran mRNA is destabilized in the presence of increased intracellular Fe 

concentrations (Weinzimer et al., 2001).  Expression of Tran has been shown to be up regulated 

by E due to increased transcription (Vyhlidal et al., 2002).  Here we show that ovariectomy 

decreases Tran mRNA.  Additionally, Weinzimer et al (2001) showed Tran to be a tight binder 

of IGFBP 3 with saturated Tran showing higher affinity, further indicating a role for Tran in cell 

proliferation in the mammary gland.  This suggests that even without a change in local mammary 

tissue production of IGFBP-3 that a reduction in Tran would increase the amount of available 

IGFBP-3 to inhibit IGF-I stimulation of mammary cell proliferation.  This corresponds well with 

the negative effects of ovariectomy noted in other experiments.  As noted above, 30d is likely a 
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minimal time to expect to measure impacts on PAR accumulation in the mammary gland given 

inherent animal to animal variation.  

A small Rho-GTPase, Rac1 is a critical regulator of morphogenesis and mediates 

hormonal and ECM signals to regulate polarity (Keely et al., 1997; Ewald et al., 2008).  

Additionally, Rac1 is involved in multiple signaling pathways and can therefore act as 

transcriptional regulators as well (Su et al., 2001).  Increased Rac has been shown to increase 

invasiveness in human breast cancer cell lines and to initiate ductal morphogenesis (Keely et al., 

1997; Ewald et al., 2008).  Furthermore, cells cultured on Col I showed Rac-induced increased 

motility while cells cultured on FN or LM displayed Rac-induced increased adhesion (Shintani et 

al., 2006).  Literature searches indicate that regulation by Rac is tissue as well as ECM specific. 

In our current study we showed increased Rac mRNA expression in MFP due to OVX.  Studies 

conducted in OVX spontaneously hypertensive mice (SHR) showed increased vascular Rac 

mRNA that was reversible with E treatment (Laufs et al., 2003).  This decrease resulted from 

reduced Rac mRNA transcription.  Similar effects of OVX on Rac expression was reported in 

monocytes (Adam et al., 2009).  These results seem to contradict Xie and Haslam (2008) who 

report that E-induced proliferation in the mammary gland is Rac-dependent.  In yet another twist, 

Su et al (2001) reported a reduction in ER transactivation due to Rac1.  Thus a possible impact of 

altered Rac expression, especially in mammary fat pad located several millimeters from the 

developing PAR is difficult to hypothesize.   

In our current study, the ovary was a more potent regulator of mammary gland ECM-

related genes than administration of exogenous GH.  However, this should not be taken as 

evidence that GH secretion has no effect.  Rather that supplying extra GH at this time did not 

alter the expression of the ECM related genes that were evaluated.  Furthermore, OVX appeared 
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to decrease proliferation in the PAR and increase the expression of genes involved in 

morphogenesis.  Exogenous GH affected minimal changes in PAR and had no effect on MFP.  In 

GH treated animals, ECM regulation appeared to be temporal, which when examined closer is in 

agreement with previous studies which shows that GH levels increase with age (Purup et al., 

1993).  It is plausible that while we saw no acute effects of exogenous GH, that these glands 

have somehow been “primed” and that the effects of the exogenous GH may become evident in 

subsequent development.  While we saw minimal effects in this study it is important to interpret 

these results in the context of our study.  There are several circumstances that may have 

adversely affected our ability to detect changes in the mammary gland in response to exogenous 

GH and OVX.  First, sampling may have been mistimed in the GH study.  Exogenous GH was 

administered via slow release formula with a suggested period of effectiveness of 2 wk.  We 

harvested tissues from heifers 21 d post injection and may have missed more acute mammary 

gene expression responses.  It is also possible that spatial sampling methods for tissue harvested 

from INT and OVX animals biased our results.  Samples of PAR were taken randomly from 

more internal regions whereas MFP was sampled distally in relation to PAR structures.  

Woodward et al. (2001) has shown that MFP not associated with epithelia exhibits reduced 

response to hormone signaling.  Furthermore, Hirai et al. (1998) showed that presentation of 

environmental signals affects epithelial response.  It is possible that more internal PAR was not 

affected by the change in hormonal environment in comparison to more externally located PAR.  

Interestingly, preliminary data from our lab have detected the presence of the androgen 

converting enzyme aromatase in mammary tissue (Huderson, unpublished).  Expression of 

aromatase was not altered by either exogenous GH or OVX.  It is possible that local production 

of E compensated for the presumptive removal of ovarian E thus masking the effects of OVX 
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and tempering any effects that we may have see with exogenous GH.  In this study, we show 

modulation of mammary gland development by removal of ovarian hormones.  We have begun 

to characterize the molecular events involved in the alteration of the ECM microenvironment.  

Future studies investigating integrin and MMP expression are still needed to better understand 

the mechanism behind ovarian regulation of mammary development especially in very young 

prepubertal heifers.   
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Table 3. 1. Primer Sequence for Extracellular Matrix-Related Genes 
Primer sequences for extracellular matrix (ECM)-related genes used. All genes were designed using 
bovine genes. Primers were designed using Primer Express Software 3.0. 

Name Abbrev Sequence 5`→ 3  ̀ Referencea 

PPP1R11 HSK1 F: CCATCAAACTTCGGAAACGG                      
R: ACAGCAGCATTTTGATGAGCG Pianotoni et al., 2008 

RPS15A HSK2 F: GAATGGTGCGCATGAATGTC                                      
R: GACTTTGGAGCACGGCCTAA Pianotoni et al., 2008 

MTG1 HSK3 F: CTTGGAATCCGAGGAGCCA R: 
CCTGGGATCACCAGAGCTGT Pianotoni et al., 2008 

Ecadherin Ecad F: ATG GGA GGC TGT TTA CAC AGT ATT AA                                                                                 
R: TAG CTG TTT TCA GAG TGC CTT CAT 

AY508164 
 

Heat Shock Protein 90 HSP F: TGA AAA GGT GGT TGT GTC AAA CC                     
R: TCC AGC CGT ATG TGC TTG TG AB072368.1 

Rac-1 Rac F: CGT GCA AAG TGG TAC CCT GAA                          
R: GTT TCG TCC CCA CCA GGA AF175262.1 

β-catenin βCat F: TGG CTA CCC AAG CTG ATT TGA                            
R: ATG GAT TCC AGA GTC CAG GTA AGA BT030683.1 

Aldehyde 
dehydrogenase 1A1 ALD F: AAC CGT GTG GGT GAA CTG CTA                           

R: TCG ACC ATT TCC AGA CAT CTT BT030667.1 

Protein disulfide 
isomerase DSI F: GAT GTC ATC ATC ATC GGA GTC TTT                    

R: AGG CTG TTA GCC GCA TCC T BC114004.1 

Epimorphin Epi F: CAGCGTCAGCTAGAAATAACTGGAA                    
R:AGAGCCTGTCTAGTAATTTGTGAATCTG XP597361.3 

Transferrin Tran F: TGCATCAAGGCTATCTCGAA                                     
R: GAC ATT TAA AGG CCC CTG AGT AGC BC122602.1 

Syndecan Syn F: GGGACGACAGTGACAACTTCTCT                           
R: GGCGTGTGTGATGAGGTGATA BC123495.1 

Fascin Fas F:AATTGAAATGGATAAAGGAACCTACATAC             
R: ACTAGGGCCCTCATCAACTTCTT BC114781.1 

Collagen I Col  F: ATA CCT CCG CCG GTG ACC                                     
R: AGT CCG CGT ATC CAC AAA GC Nicodemus et al., 2007 

Fibronectin Fn F: GGA GAA CAG TGG CAG AAG GAA T                    
R: AGG TCT GCG CAG TTG TCA Musters et al., 2004 

Laminin Lm F: GCT GAG GGC ATG GTT CAT G                                
R: GAT AGA AAT CCT GAC ACT GCT CAC A BC105436.1 

a Refers to published paper or Pubmed Accession number  

 

 

 



64 
 

 

 

 

 

 
 
 
 
 
Figure 3. 1. Experimental Design for Heifers Treated with Posilac and placebo 
Heifers were randomly assigned to one of two treatments, Posilac (bST; 500 mg of BST; n = 9) or 
Placebo (Sal; 0.9% saline; n = 9) beginning on d 23. Heifers were then assigned to either an early (E) or 
late (L) tissue harvesting group. Animals in the E group received two injections, 21 d apart, and tissue 
harvested 21d later. Animals in the L harvest group received four injections 21 d apart, and tissue 
harvested 21d later. 
 

 

 

 

 

 

 

 

Figure 3. 2. Experimental Design for Ovariectomized and Sham Operated Heifers 
Heifers were randomly assigned to one of two treatments, ovariectomy (OVX; n = 8) or sham operation 
(INT; n = 12). Surgeries were performed at 2-, 3- and 4- mo. Mammary tissue was harvested  30d after 
treatment was applied. 
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Figure 3. 3. Relative expression of Extracellular Matrix-Related genes in Posilac and placebo 
treated heifers 
Gene expression for extracellular matrix (ECM)-related genes for Posilac (bST ; 500 mg of BST; n = 9) 
or treated heifers relative to Placebo (Sal; 0.9% saline; n = 9)  treated heifers (represented by solid line at 
1.00). Surgeries were performed at 2-, 3- and 4- mo. Mammary tissue was harvested  30d after treatment 
was applied. A. In parenchyma (Par), FN expression was downregulated in bST heifers relative to Sal 
treated heifers (P = 0.04). Expression of Tran was downregulated in late (L) harvest heifers relative to 
early (E) harvest heifers (P = 0.01). B. In mammary fat pad (MFP), overall there was no difference in 
gene expression for bST treated heifers relative to Sal treated heifers. Expression of DSI was upregulated  
in bST treated animals relative to Sal treated heifers in the E harvest group (P = 0.01). Expression of Syn 
was upregulated in L harvest heifers relative to E harvest heifers for Sal treatment (P = 0.01). Data 
expressed as fold difference (2-∆∆Ct). 
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Figure 3. 4. Relative expression of Extracellular Matrix-Related genes in Ovariectomized and Sham 
operated heifers 
Gene expression for extracellular matrix (ECM)-related genes in ovariectomy (OVX; n = 8) relative to 
sham operation (INT; n = 12) heifers (represented by solid line at 1.00).  Surgeries were performed at 2-, 
3- and 4- mo. Mammary tissue was harvested  30d after treatment was applied. A. In parencyma (Par), 
FN and Tran were significantly down regulated (P =  0.03 and P = 0.04, respectively) while Epi was up 
regulated due to OVX (P = 0.01). Also, FN expression tended to be down regulated in 4 mo old heifers 
relative to 2 mo old heifers (P = 0.06).  B. In mammary fat pad (MFP), OVX down regulated Epi (P = 
0.04) while Rac was up regulated (P = 0.02). Expression of ALD was down regulated in 3 mo heifers 
relative to 2 mo heifers (P = 0.05). Expression of Epi was down regulated in 4mo relative to 2mo heifers 
(P = 0.02). Trans expression was down regulated in 3 mo heifers relative to 2 mo heifers but was up 
regulated in 4 mo heifers relative to 3 mo heifers (P = 0.02). Data expressed as fold difference (2-∆∆Ct).     

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

Ecad HSP Rac βCat ALD DSI Epi Tran Syn Fas Col Fn Lm

R
el

at
iv

e E
xp

re
ss

io
n

ECM-Related Genes

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

Ecad HSP Rac βCat ALD DSI Epi Tran Syn Fas Col Fn Lm

R
el

at
iv

e E
xp

re
ss

io
n

ECM-Related Genes

A 

B 

* 

* 

* 
* 

* 

PAR 

MFP 



67 
 

 
 Table 3. 2. Target Extracellular Matrix-Related Genes’ Subcellular function 
 List of selected extracellular matrix (ECM)-related genes targeted in this study and their proposed 
functions in the mammary gland. Genes were chosen based on previous data showing nutritional response 
or a role in proliferation and maturation in the mammary gland. 
 

a Genes previously shown to be modified by plane of nutrition (Daniels et al., 2006) 

 

  

Gene Name Proposed  Function Reference 

Ecadherin Cellular adhesion Woodward et al., 1998 

Heat Shock Protein 90 Regulation of steroid hormone receptors Watanabe et al., 1997;   Catelli et 
al., 1989 

Rac-1 Transmitter of ECM signals affecting 
proliferation; regulator of morphogenesis 

Akhtar and Streuli, 2006; Ewald et 
al.,  2008 

β-catenin Formation of cadherin-containing cell-cell 
junctions 

Teuliere et al., 2005; Stiening et 
al., 2008 

Aldehyde dehydrogenase 
1A1a 

Enzymatically converts vitamin A into retinoic 
acid; retinoic acid is an inhibitor of IGF-1 
stimulated proliferation. 

Daniels et al., 2006; Woodward et 
al., 1996 

Protein disulfide 
isomerase a 

Cell surface protein maturation; 
Activation/regulation cell signaling pathway 

Daniels et al., 2006; Gumireddy et 
al., 2007 

Epimorphin Key promoter of morphogenesis Hirai et al., 1998 

Transferrina Tight binder of iron; also shown to bind IGFBP-
3 

Schanbacher et al., 1993; Daniels 
et al, 2006 

Syndecan Mediate cell-cell adhesion and growth factor 
actions (i.e.  fiberblast growth factor) Bernfield et al, 1999; Carey, 1997 

Fascina 
Forms complex with  β-catenin to attach 
cadherins to the cytoskeleton of cells; aids in cell 
migration 

Wong et al., 1999; Guvakova et al; 
2002 

Collagen I Most abundant protein; promotes proliferation; 
direct development Berry et al., 2003a 

Fibronectin 
Aids in the stability of the ECM by providing 
attachment for both cells and other ECM 
components 

Berry et al.,  2003a 

Laminin Major component in the basal lamina and aids in 
cell attachment 

Bissell et al., 1999; Berry et al., 
2003a; Holland et al., 2007 
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CHAPTER IV: EFFECT OF EXOGENOUS SOMATOTROPIN AND OVARIECTOMY 

ON AROMATASE EXPRESSION 

 

INTRODUCTION 

The mammary gland is a unique organ in that most of its development occurs postnatal. 

In bovine, at approximately three months of age the mammary gland enters a phase of rapid 

growth where rudimentary ductal structures begin extensive invasion into surrounding stroma 

(STR) and mammary fat pad (MFP) (Meyer et al., 2006).  The presence of estrogen (E) has been 

detected as early as three months possibly suggesting that ovarian hormones play a role in the 

initiation of this allometric growth (Purup et al., 1993).  Furthermore, this same pattern of 

allometric growth is seen throughout pregnancy in conjunction with increased circulating ovarian 

hormones, further supporting the notion that ovarian hormones are involved in initiating 

allometric growth (Tucker, 1981). 

Due to the pivotal role of E in regulating mammary gland growth and development it is 

logical to conclude that ovariectomy (OVX) would negatively impact mammary gland 

development.  It has been previously reported that OVX in young heifers significantly reduced 

total gland weight, and parenchyma (PAR) while increasing extraparenchymal tissue (Berry et 

al., 2003a, Purup et al., 1993).  Additionally, decreases in IGF-I mRNA have been reported in 

response to OVX (Berry et al., 2003b).  However, this effect of OVX is not consistent across 

ruminant species.  Ellis et al. (1998) showed that OVX of young ewe lambs had no effect on 

mammary development.  Furthermore, Purup et al. (1993) showed that OVX led to minute 

changes in circulating E levels suggesting that systemic E, and therefore the ovary, may not be as 

significant in mammary gland development as once thought. 
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The primary site of systemic E production is the ovaries; however, there are other sites of 

E production that are just as relevant such as brain, gonads, bones and adipose tissue (Simpson, 

2000).  It is plausible that while these local sites of E production contribute very little to 

circulating concentrations, local E concentrations within tissues may be quite high.  The 

enzymatic conversion of androgens to E is catalyzed by the cytochrome p450 family member 

aromatase (Arom).  In humans, Arom is expressed in the STR of adipose cells within the 

mammary gland (Simpson, 2000).  While there is a plethora of research on Arom, much of it is 

focused on the role of Arom in breast cancer.  A search of the literature reveals a dearth of 

information regarding the bovine.  The one study we are aware of was unable to detect consistent 

Arom expression (using an enzymatic assay) in mammary tissue of sexually mature cows at 

various lactational stages (Belevedere et al., 1996).  

Previously, we reported that OVX in heifer calves had minimal effects on mammary 

gland development (Chapter 3; Velayudhan, 2009).  However, it has been repeatedly shown that 

the ovary or more specifically its secretions are vital in the maturation and development of the 

bovine mammary gland.  Studies employing various mechanism of perturbing ovarian secretions 

have reported inconsistent results suggesting that there are other key factors possibly mediating 

the effects of E.  We hypothesized that the lack of response of very young prepubertal mammary 

glands to OVX might be due to the presence of Arom.  The objectives of this study were two-

fold.  First we sought to determine if Arom was present in the mammary glands of young 

prepubertal heifers.  Secondly, if Arom is present, to determine what effect exogenous GH and 

OVX had on its expression.  
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MATERIALS AND METHODS 

Tissue Samples 

All tissues used for these experiments were collected from two larger animal studies. 

Briefly, in one experiment, 19 Holstein heifer calves were randomly assigned to either Posilac 

(bST; 500 mg of bST; n = 10; Monsanto Co., St Louis, MO) or Placebo (Sal; 0.9% saline; n = 9) 

treatment.  Within treatment animals were assigned to an early (E) or late (L) harvest point.  

Treatments were initiated on d 23 and repeated every 21 d thereafter as subcutaneous injections 

in the region over the scapula.  Animals in the early harvest group received two injections and 

were sacrificed 21 d after the second injection.  Animals in the late harvest group received four 

injections and were harvested 21 d after the fourth injection.  One heifer was dropped from the 

study after harvest due to chronic illness.  In a second experiment, 20 Holstein heifer calves were 

randomly assigned to one of two treatments, ovariectomy (OVX; n = 8) or sham operation (INT; 

n = 12).  Surgeries were performed at 2-, 3- , and 4 mo of age.  Thirty days after each respective 

surgery, mammary gland tissue was harvested. 

At sacrifice, mammary glands were immediately removed and bisected along the medial 

suspensory ligament.  Mammary PAR and MFP were excised and snap frozen for future use in 

western blotting and measurements of mRNA expression.  Remaining PAR and MFP were fixed 

in formalin for 24 hr and then transferred to 70% ethanol for later use in immunohistochemistry. 

 

Western Blot Analysis 

 Protein samples used for western blot analysis were prepared as previously described 

(Chapter 2).  Briefly, harvested tissue was pulverized using a freezer mill (6950 Freezer Mill; 

Spex Sample Prep, Metuchen, NJ) and homogenized in high salt buffer (0.05M NaPO4, 2M 
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NaCl, 0.002M EDTA).  Homogenates were centrifuged at 100 X g at 4OC for 5 min to remove 

tissue debris and the resulting supernatant was used for western blot analysis.  Protein 

concentration of PAR and MFP homogenates was determined using a bicinchoninic acid based 

colorimetric assay (Pierce, Rockford, IL) using bovine serum albumin as the standard.  

Approximately 50 ug of protein was combined with 5X Laemmli buffer (10% SDS, 50% 

glycerol, 25% β-mercaptoethanol, 300 mM 1M Tris-HCl pH 6.8, 0.5% Bromphenol blue), boiled 

for 5 min at 95oC and loaded onto precast 7.5% Tris-HCl Ready Gels (BioRad, Hercules, CA).  

Due to limited quantities of protein samples from experiment 1 heifers, PAR and MFP protein 

samples were pooled by treatment and harvest time.  Total protein exracted from liver was used 

as a negative control. Protein was loaded as equal volume with equal protein loading.  Samples 

were separated in 1X running buffer (25 mM Tris Base, 192 mM glycine, 0.1% SDS) for 60 min 

at 100 V.  Samples were transferred to PVDF membrane (Immobilon-P; Millipore, Danvers, 

MA) in ice cold transfer buffer (25 mM Tris Base, 192 mM glycine, 15% methanol) for 60 min 

at 100 V.  After transfer, membranes were washed in TBS (2.8 mM Tris-HCl, 2.2 mM Tris-Base, 

15 mM NaCl ) plus 0.1% Tween-20 (BioRad, Hercules, CA) and blocked in 5% non-fat dry milk 

(NFDM) for 45 min.  Membranes were incubated overnight in 5% NFDM with rabbit polyclonal 

antibody against human Arom (hArom; Biovision, Mountainview, CA; 1:200) that is cross 

reactive to bovine.  Membranes were then incubated in goat anti-rabbit secondary antibody 

(Novus, Littleton, CO) for 60 min.  Bands were visualized using a chemiluminol detection kit.  

Densitometry was performed using ChemiDoc XRS system (BioRad, Hercules, CA) and 

Quantity One software (BioRad).   
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 RNA Extraction and Quantitative Real Time PCR 

Total RNA was extracted as previously described.  Briefly, tissue samples were 

homogenized in TRI reagent (Molecular Research Center, Inc., Cincinnati, OH).  Homogenates 

were separated into phases using chloroform.  Isopropanol was added to the aqueous phase to 

precipitate RNA.  The RNA precipitant was alcohol washed (75% EtOH in RNase free water) 

and the resulting pellet air dried and resuspended in diethyl pyrocarbonate (Sigma-Aldrich, St. 

Louis, MO) treated water.  Concentration and purity of extracted RNA were determined using a 

Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies Inc., Wilmington, DE).  Single 

stranded cDNA was reverse transcribed from total RNA using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystem, Foster City, CA).   Briefly, 20µg of RNA was reverse 

transcribed in reaction with a final volume of 20µl using random primers and 0.02U of Rnase 

inhibitor.  Resulting cDNA was diluted 1:10 and used in quantitative real time PCR reactions.  

Five microliters of diluted cDNA was combined with 4.25 µl RNase-free water, 0.25 µl of 100 

nM Taqman probe , 1.5 µl each of 300 nM forward and rev primer and 12.5 µl of 2x Taqman 

Universal PCR Master Mix (Applied Biosystems, Foster City, CA).  Real time PCR conditions 

were 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min and performed in a 7300 Series Real-

Time System (Applied Biosystems, Foster City, CA).  Data were analyzed using SDS software 

that was part of the 7300 Series System.  Cycle thresholds (Ct) values of target gene was 

normalized (ΔCt) using the geometric mean of three endogenous reference genes: PPP1R11 

(forward, 5`-CCATCAAACTTCGGAAACGG-3`; reverse 5`-

ACAGCAGCATTTTGATGAGCG-3`), RPS15A (forward, 5`-

GAATGGTGCGCATGAATGTC-3`; reverse, 5`-GACTTTGGAGCACGGCCTAA-3`) and 

MTG1 (forward, 5`-CTTGGAATCCGAGGAGCCA-3`; reverse, 5`-
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CCTGGGATCACCAGAGCTGT-3`) (Pianotoni et al., 2008).  Data was expressed as fold 

difference, calculated as 2(-Δ∆Ct).  Primers for Arom (forward, 5’- GCC TAT TGC CAG CAT 

TGC A-3’; reverse, 5’-TGG GAC CTG GTA TTG AGG ATG T-3’) along with Taqman Probe 

(5’- CCTGCTGCTCACTGGATTTCTTCTCTTGG -3’) were designed against hArom using 

Primer Express Software 3.0 (Applied Biosystems, Foster City, CA).  Primers were purchased 

from Integrated DNA Technologies (Coralville, IA) and the Taqman probe was purchased from 

Biosearch Technologies (Novato, CA).  All primers were designed to span exon junctions. 

Samples of genomic bovine DNA were evaluated to ensure that amplification products were 

from the cDNA template and not amplification of genomic contamination.  

 

Fluorescent Staining 

Paraffin embedded MFP was used for histological measurements.  Briefly, MFP samples 

were first fixed in 10% formalin overnight and then transferred to 70% ethanol until processing.  

At embedding, tissues were subjected to graded alcohol dehydrations (70%, 80%, 95%, and 

100%) and cleared using xylene in preparation for infiltration and embedding in paraffin.  

Embedded tissue was sliced into 5 µm thick slices using a rotary microtome (model HM340E, 

Microm, International GmbH, Walldorf, Germany) and used for Arom immunocytochemistry. 

Fluorescent staining was carried out as previously described by Capuco (2007).  Each 

slide contained 4-6 sections and at least one tissue section per slide served as an internal negative 

control and was incubated with blocking buffer instead of primary antibody.  Briefly, paraffin 

embedded MFP slides were deparaffinized in xylenes and rehydrated in a series of alcohol 

washes.  Slides were boiled in 10 mM citrate buffer (pH 6.0) for antigen retrieval.  Slides were 

blocked with CAS Block (Invitrogen, cat #00-8120) followed by overnight incubation with a 
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rabbit polyclonal antibody against hArom (1:40) at 4oC diluted in CAS Block.  Batch controls 

received CAS Block instead of primary antibody.  Tissue sections were then briefly washed in 

PBS and incubated in Alexa 488 goat anti-rabbit IgG (Invitrogen; Chicago, IL) at a final dilution 

of 1:200.  Slides were rinsed in distilled water and Prolong Gold antifade reagent with DAPI 

(Invitrogen; Chicago, IL) was added to each slide.  Slides were coverslipped and allowed to cure 

overnight. 

Digital Image Acquisition and Measurement 

Fluorescent stained MFP sections were examined using a Nikon Eclipse E600 fluorescent 

microscope (Melville, NY) equipped with FITC and DAPI fluorescent cubes.  Images were 

captured using a top mounted Zeiss Axiocam MRm Rev 3 digital monochrome microscope 

camera (Zeiss, Oberkochen, Germany) driven by Axiovision LE image capture software (Zeiss).  

Eight to ten images were randomly taken from tissue sections for each animal.  Pictures were 

taken at a total magnification of 200X.  Captured images were saved as “.tiff’ files and used for 

later histological analysis.  

 Acquired images were analyzed using Image Pro Plus version 6.2 (Media Cybernetics, 

Inc, Bethesda, MD).  Within a MFP section, connective tissue and adipocytes were outlined 

using the Area of Interest (AOI) tool in Image Pro Plus.  Total area was measured within the 

AOI(s) as pixel intensity per area.  Positive staining was expressed as a percent of the total tissue 

within the AOI(s).  Picture histograms ranges of pixel intensity were “gated” between 0 and 255 

to exclude background fluorescence.  Positive staining was judged to have a pixel intensity of 40 

to 255, where 40 represents the upper 86% range of the histogram.  The parameters were applied 

to all collected photomicrographs.  
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Statistics 

All data were analyzed using the Mixed Procedure of SAS (Version 9.2 SAS Institute 

Inc., Cary, NC).  Pairwise comparisons were carried out using the Tukey test.  The main effects 

of treatment, group (for experiment 1, early or late; for experiment 2, age at surgery), and the 

interaction between the two were analyzed.  The model statement is as follows. 

Υ ijk = µ + Ti + Gj + (TG)ij + e (ijk), 

where Υ ijk was the dependent variable protein expression, gene expression (∆Ct), and percent 

fluorescent labeled, µ is the overall mean; Ti is the fixed effect of treatment (bST v Sal; i = 1, 2) 

or (OVX v INT; j = 1, 2); Gj is the fixed effect of harvest group (Early v Late; j = 1, 2) or (age at 

surgery; j = 1, 2, 3); (TG)ij is the effect of the interaction between treatment and group and e (ijk) 

is the residual error (assumed to be normally and independently distributed).  Results are 

presented as least squares means ± standard error of the means.  Graphical representation of gene 

expression data is given as treatment relative to control animals calculated as 2-∆∆Ct (where ∆∆Ct 

= [(CtTa r- CtHSK)Exp – (CtTar - CtHSK)Con]).  Significance was declared at P ≤ 0.05. Trends were 

declared at P ≤ 0.1.  

 

RESULTS 

Effect of GH and OVX on expression of Arom protein 

 We measured concentrations of Arom protein in mammary tissue homogenates from 

young prepubertal heifers treated with exogenous bST or Sal and in OVX or INT heifers (Figure 

4.1).  At the time of analysis, there were limited protein samples available from bST and Sal 

treated heifers (experiment 1).   Therefore, samples were pooled by treatment and harvest time to 

create the follow groups: bST-E, bST-L, Sal-E and Sal-L, for PAR and MFP samples (Figure 
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4.1A).  Based on visual and densitometry evaluation of replicate gels of these pooled samples 

there was little apparent difference in Arom protein concentration due to bST treatment or 

harvest time in PAR homogenates.  Overall, in MFP homogenates, animals treated with bST 

appeared to have decreased expression of Arom compared to Sal treated animals.  There 

appeared to be no difference in Arom expression due to harvest time. Overall, there did not 

appear to be substantial differences in the apparent concentration of Arom protein in PAR 

compared with MFP homogenates from bST or Sal treated heifers.  

 Overall, OVX did not significantly (P = 0.82) impact the concentration of Arom in PAR 

tissue homogenates (Table 4.1).  However, there was a significant effect of age at surgery (P = 

0.01) on abundance of Arom protein.  Animals 4 mo at time of surgery had increased protein 

expression (684 vs. 115) compared to animals 2 mo at time of surgery.  In MFP homogenates 

there was no difference in Arom protein expression in OVX animals compared to INT animals 

(P = 0.94) nor was there a concentration difference due to age at surgery (P = 0.25).  However, 

Arom concentration was greater (532 vs. 297) in MFP than in PAR homogenates in this 

experiment (P = 0.01).  Additionally, there was a significant interaction between tissue type 

(PAR/MFP) and age at surgery (P = 0.01).  PAR samples from animals OVX at 4 mo had 

increased expression compared to PAR samples from animals 2- and 3 mo at time of surgery. 

MFP samples from animals OVX at 2- and 3- mo had greater expression than PAR samples 

taken at 2- and 3- mo, respectively. Samples taken from PAR of animals OVX at 4 mo had 

greater expression than samples taken from MFP of animals OVX at 4 mo. 
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Effect of GH and OVX on Arom mRNA transcript abundance 

 In PAR samples from animals in experiment 1, there was no difference in Arom 

transcript abundance due to bST (P = 0.74) (Figure 4.2A).  However, E harvest animals tended to 

have decreased transcript compared to L harvest animals (P = 0.09).  In MFP, there was no 

difference in transcript abundance in bST treated animals compared to Sal treated animals (P = 

0.47) (Figure 4.2B).  Tissues harvested from younger heifers (E harvest group) tended to have 

decreased transcript abundance compared to older (L harvest) animals (P = 0.10).  There was 

also a significant interaction between treatment and harvest time (P = 0.01).  Specifically, Sal 

treated heifers in the E harvest group had relatively more Arom transcript than E harvest heifers 

treated with bST.  However, overall there was no significant difference in Arom gene expression 

in PAR compared with MFP (P = 0.59).  There was a tendency toward a treatment by harvest 

group interaction (P = 0.08).  This was noted by the fact that E bST animals had increased Arom 

transcript expression compared to L bST treated animals. There also tended to be a three-way 

interaction between treatment, harvest time and tissue (P = 0.10).  Samples taken from MFP of L 

Sal animals had increased expression compared to samples taken from MFP of L bST and PAR 

of L Sal animals. Also, in MFP, E bST tissues had increased expression compared to L bST 

tissues. 

 In PAR from animals in experiment 2, there was no effect of OVX on Arom transcript 

abundance (P = 0.95) or age at surgery (P = 0.33) (Figure 4.3A).  In MFP, there was no effect of 

OVX (P = 0.46) or age at surgery (P = 0.91) (Figure 4.3B).  When examining Arom transcript 

expression between PAR and MFP, MFP exhibited increased expression (P = 0.05). 
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Fluorescent Labeling 

 Using fluorescent staining, we attempted to further characterize the spatial and temporal 

expression of Arom in MFP tissue sections prepared from the mammary glands of these heifers.  

We choose to exclude PAR sections since Arom expression is typically localized to stroma 

derived cell types and especially adipose tissues.  Sasano and Murakami (1998) reported that 

both fixation and colorimetric exposure time may adversely affect immunohistochemistry.  As a 

result we choose to express Arom positive cells as a proportion rather than as an absolute 

number.  In animals treated with bST, there was no difference in the percent of fluorescent 

labeling compared to Sal treated animals (P = 0.86) nor was there a difference between E and L 

harvest animals (P = 0.88) (Figure 4.4).  Similar patterns were seen in animals from experiment 

2.  There was no difference in percent of fluorescent labeling in OVX animals compared to INT 

animals (P = 0.61) (Figure 4.5).  However, there was a difference in fluorescent labeling due to 

age (P = 0.10).  Animals who had surgery at 4 mo tended to have more fluorescent labeling than 

animals who had surgery at 2 mo.  

DISCUSSION 

 

Mammary gland development is a highly regulated process controlled by a complex 

interplay between steroid hormones and growth factors, both systemic and locally produced.  

The importance of growth hormone (GH) and E in mammary gland development has long been 

established.  Early studies showed that treatment with E promoted ductal growth and that 

hypophysectomy abolished this growth (Tucker, 1981).  Furthermore, treatment with ovarian 

hormones alone was insufficient to recapitulate normal mammary growth.  Lyons (1958) showed 

that in triply operated rats with adrenals, pituitary and ovaries removed, GH and E together were 



84 
 

able to stimulate mammary ductal growth, suggesting an interaction between ovarian hormones 

and GH.  Numerous studies have reported the beneficial effects of GH on milk yield and body 

weight.  However, the precise role of GH in mammary gland development remains unclear.  It is 

generally accepted that GH effects are mediated, at least in part, by IGF-I.  Purup et al. (1993) 

reported a rise in serum IGF-I levels in conjunction with GH treatment.  Additionally, previous 

studies have shown an increase in mammary gland parenchyma in response to exogenous GH 

treatment (Sejrsen et al., 1986; Purup et al., 1993).  In addition to mediating GH effects, 

mounting evidence suggests that IGF-I may also mediate E effects in the mammary gland.  Berry 

et al. (2001) reported increased IGF-I mRNA in response to treatment with E.  Conversely, OVX 

reduced IGF-I mRNA in the prepubertal mammary gland (Berry et al., 2003a).  However, 

previous studies from our lab reported no effect of exogenous GH or OVX on prepubertal 

mammary gland proliferation and composition in very young heifers i.e. less than 2-3 months of 

age (Chapter 2; Velayudhan, 2009).  Due to the aforementioned interaction between GH/IGF-I 

and E we proposed that local E concentrations in the mammary gland were unchanged by OVX. 

We further proposed that this lack of attenuation in E concentration was due to local production 

of E by Arom. 

 Increasing research has focused on the varying roles of ovarian or systemic E as opposed 

to locally produced E.  It is now known that while the ovaries are usually the main source of 

circulating E, brain, adipose tissue, adrenals and skin are also able to synthesize E (Simpson, 

2000).  It is probable that locally produced E is only biologically active in the synthesizing tissue 

and that it functions in a paracrine or autocrine fashion (Jefcoate et al., 2000; Simpson, 2000).  

Furthermore, current research suggests that locally produced E may be of more biological 

importance than systemic E in many situations.  Studies conducted in nude mice showed that the 
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mitogenic effects of E in human breast tumor models were the result of locally produced E as 

opposed to uptake of circulating E (Yue et al., 1998).  The synthesis of E is catalyzed by the rate-

limiting enzyme Arom (Jefcoate et al., 2000).  A member of the cytochrome p450 family, Arom 

converts androgens to E by aromatizing the A-ring of the steroid backbone (Figure 4.6) 

(Subramanian et al., 2008).  Expression of Arom is regulated by tissue specific promoters and is 

expressed at relatively low levels in virgin mammary glands of mice (Mandva et al., 2001; 

Subramanian et al., 2008).  The majority of existing literature focuses on the role of Arom in the 

pathophysiology of human mammary glands or employing overexpression studies in model 

systems such as the rodent or cell culture systems derived from cancerous mammary cells.  

 To date the most extensive study entertaining the possibility of Arom activity in dairy 

mammary glands that we are aware of was conducted by Belevedere et al. (1996).  In this study, 

mammary tissue from cows at various stages of lactation failed to consistently show Arom 

activity based on an enzymatic assay.  This is in contrast to our current findings where we able to 

detect Arom protein, mRNA and, using fluorescent labeling, in situ localization.  For all 

techniques used we consistently detected Arom in PAR samples. This is in contradiction to 

numerous published studies localizing Arom to STR and adipose tissues (Jefcoate et al., 2000).  

Jefcoate et al. (2000) previously reported discrepancies in Arom localization depending on the 

antibody used.  Experiments using certain monoclonal antibodies detected Arom in both MFP 

and epithelial structures where use of polyclonal antibodies was only able to detect Arom in STR 

samples (Sasano and Murakami, 1998).  However, in our studies we used the same polyclonal 

antibody directed against hArom for both western blot and fluorescent labeling. One possible 

explanation for this discrepancy is contamination of protein and RNA PAR samples with adipose 

and STR components that are clearly present in the areas surrounding the developing ducts.  At 
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tissue harvest it was not possible to excise epithelial structures from the surrounding STR for 

samples taken within the PAR tissue compartment.  Therefore, it is possible that the Arom 

present in PAR is actually STR derived Arom.  However, we were able to detect fluorescently 

labeled epithelial structures in paraffin embedded PAR sections (data not shown).  It is also 

possible that while Arom mRNA is primarily localized to STR, accumulation of the actual 

enzyme may be localized to the PAR.  In the typical mammary gland, Arom levels are very low 

compared to that of ovary and placenta and development of more selective and/or sensitive 

antibodies against Arom would likely be valuable.  Additionally, future studies employing laser 

capture dissection, which would allow for the selection of specific tissue components or cells 

would likely provide more clarification on localization of Arom in the mammary gland.  

It has been previously reported that local Arom levels are relatively low compared to 

ovary and placenta (Jefcoate et al., 2000).  Our initial attempts at quantifying Arom enzyme 

activity were unsuccessful due to sensitivity limitations of the tritiated -water release assay (data 

not shown).   One reason for our inability to measure Arom activity but still detect its presence 

may be due to the proportion of Arom positive cells.   Jefcoate et al. (2000) reported that Arom 

concentrations in certain cells may be quite high but can be diluted in the tissue as a whole.  This 

is interesting considering we detected Arom activity in all samples but there was no difference in 

Arom expression due to treatment or tissue type.  We did, however, see some differences due to 

age.  Heifers receiving bST treatments appeared to have decreased Arom expression. Given that 

bST has been shown to reduce extraparenchymal tissue it is logical to conclude that there would 

be a concomitant decrease in the concentration of Arom protein.  Furthermore, we measured 

reduced Arom protein expression for heifers OVX at 3 mo, the approximate onset of allometric 

growth.  It is possible that this decrease in Arom protein, which was not accompanied by a 
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decrease in Arom mRNA, reflects the first surge of ovarian E.  While locally produced E is 

probably more biologically active, the increase in E due to circulating E would diminish the need 

for locally produced E.   

It is also plausible that due to our sampling technique that we may have missed regional 

differences in MFP Arom expression. Simpson et al. (2000) reported higher levels of Arom in 

tumor-associated STR as opposed to distal STR suggesting possible feedback between tumor and 

its surrounding STR.  Previous studies have shown that epithelial-associated STR has more 

hormone competency than STR not closely associated with epithelium (Hirai et al. 1998; 

Woodward et al., 2001).  During harvest, we sampled MFP distal to PAR and therefore cannot 

account for Arom expression in PAR-associated MFP.  In OVX heifers, animals OVX at 3 mo 

expressed less Arom protein than animals OVX at 2 mo.  It is possible that this decrease 

correlates with the need for E to initiate allometric growth but not maintain it.  Tekmal et al. 

(1999) showed that post-lactation, transgenic mice overexpressing Arom developed 

preneoplastic features in their mammary glands.  These neoplastic characteristics persisted after 

OVX, suggesting the ovarian E is not necessary.  Lending further support to this theory is the 

involvement of estrogen receptor (ER)-α.  While Arom is necessary for the biosynthesis of E it is 

possible that the presence of locally produced E is necessary to maintain Arom levels.  Kumar et 

al (2009) showed that culturing of human trophoblast cells in media containing phenol-red, an 

ER agonist, inhibited Arom expression.  Furthermore, incubation of cells with an ER antagonist 

also diminished Arom expression and activity indicating a role for ER in Arom expression.  

Tekmal et al. (2005) showed that transgenic mice expressing Arom had increased ERα 

expression and that knocking out ERα expression led to the formation of rudimentary ductal 

structures similar to those found in prepubertal animals. Within the promoter of the Arom gene, 
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Kumar et al. (2009) report the finding of an estrogen response element (ERE)-like sequence. 

This sequence, however, does not bind ERα, but has been shown to be necessary for E/ERα 

induced Arom expression (Kumar et al., 2009).  Finally, many of the genes that appear to be up-

regulated by Arom are E-responsive (Tekmal et al., 2005).  So it seems logical that systemic E 

may function to initiate local Arom production via a ERE-like gene sequence.  This locally 

produced E might then provide positive feedback and stimulate Arom expression via the ERα. 

 In our current study, we have confirmed the presence of Arom in the bovine mammary 

gland.  A previous study (based on enzymatic activity) by Belevedere at al. (1996) was unable to 

consistently confirm Arom activity in the mammary gland of cows at various stages of lactation.  

However, it is possible that no Arom activity was detected due to the age of these animals and/or 

stage of development.  During and around the onset of lactation, blood concentrations of ovarian 

hormones are at the highest and this may negate the need for locally produced E (Tucker, 1981).  

In our current study we were unable to consistently quantify Arom enzyme activity.  We 

attempted to use a tritiated-water release enzyme assay to measure Arom enzyme activity but the 

assay proved to not be sensitive enough to detect the relatively low levels of tritiated-water 

released (i.e. seemingly positive responses were near background for the assay).  However, 

assessing Arom activity is crucial in furthering our understanding of its biological functions in 

normal mammary gland development.  While we were successful in our attempts to detect Arom 

further research is needed to better characterize Arom localization and activity in the bovine 

mammary gland.  Current research into localization and expression of Arom relies heavily on the 

rodent model but caution must be taken when attempting to expand biological function and 

localization beyond test species.  For example, Jefcoate et al. (2000) indicated that Arom activity 

was confined to mammary tissue in the mouse but in the human and presumably bovine, Arom is 
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active in many tissues.  Furthermore, much of the rodent research focuses on overexpression of 

Arom resulting in abnormal neoplastic growth, conditions rarely seen in the bovine gland.  

In summary, we have reproducibly detected the prescence of both Arom mRNA and 

protein.  Furthermore, we showed that Arom expression was not affected by either exogenous 

bST or OVX.  Expression of Arom appears to be temporally regulated with older animals 

expressing more Arom RNA.  The decrease in Arom protein expression circa onset of allometric 

growth further supports the idea that ovarian hormones are necessary for the onset of allometric 

growth but not to maintain said growth.  While there was no overall effect of either treatment, in 

MFP there was a decrease in expression of Arom in bST treated heifers.  It is logical to conclude 

that this decrease may be related to the reported decrease of extraparenchymal tissue in response 

to exogenous bST (Chapter 2).  While this study should serve as a preliminary examination, 

development of more sensitive enzyme assays and antibodies will provide greater 

characterization of bovine mammary Arom.   

  



90 
 

 

                 

                                         

 
 
Figure 4. 1. Effect of Posilac on concentration of Aromatase in tissue homogenates 
 Western blot of heifers treated with Posilac (bST; 500 mg) or Placebo (Sal; 0.9% saline). Heifers were 
then randomly assigned to either a early (E) or late (L) tissue harvest group. Protein samples were pooled 
and equal volume and  protein (50 µg) were loaded onto MFP/bST-L; 7-MFP/Sal-E; 8-MFP/Sal-L. Total 
protein extracted from lives tissue was used as negative control. Polyclonal rabbit antibody directed 
against human Aromatase (Arom) with cross reactivity in bovine was used to detect the 55 kDa Arom 
protein. In parencyma (Par), based on visual evaluation of densitometry results, there appeared to be no 
difference in Arom protein expression due to treatment with bST or harvest group. In mammary fat pad 
(MFP), it appeared that bST animals had decresased Arom protein expression relative to Sal treated 
heifers. There appeared to be no difference due to harvest time.   
 
 
 
 

Table 4. 1. Effect of Ovariectomy on concentration of Aromatase in tissue homogenates 
Analysis of densitomety of Western blot of Par and MFP samples from animals receiving ovariectomy 
(OVX; n = 8) or sham operation (INT; n = 12). Treatments were applied at 2-, 3-, and 4 mo of age and 
tissue harvested 30 d post-surgery.  There was no overall effect of OVX on concentration of Arom in 
PAR tissue (P = 0.82).  However there was a difference in Arom protein expression due to age (P = 0.01).  
Heifers 2 mo at time of surgery had increased Arom protein expression relative to heifers 3 mo at surgery.  
Additionally, heifers 4 mo at surgery had increased Arom protein expression relative to heifers 2 mo at 
surgery.  In MFP, there was no difference in Arom expression due to OVX (P = 0.94) or age (P = 0.25).   

 Treatments    
 INT OVX    
 Age at Treatement P values 

Tissue 2 mo 3 mo 4 mo 2 mo 3 mo 4 mo Trt Age Trt*Age 
PAR 119 ± 169 109 ± 169 611 ± 195 111 ± 238   77 ± 195 759 ± 195 0.82 0.01 0.88 
MFP 513 ± 130 580 ± 130 489 ± 130  787 ± 150 489 ± 259 338 ± 130 0.94 0.25 0.30 
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Figure 4.2. Effect of Posilac on Aromatase mRNA expression 
Relative expression of aromatase (Arom) mRNA was evaluated in prepubertal heifers treated with either 
Posilac (bST; 500 mg) or Placebo (Sal; 0.9% saline).  Animals were furthered assigned to either an early 
(E) harvest group or late (L) harvest group. Data is presented as 2-∆∆Ct.  Relative comparisons were made 
between Sal and bST treated heifers within each harvest group therefore Sal is set to 1.00.  A. In 
parenchyma (PAR), there was no difference in Arom mRNA expression due to bST (P = 0.74).  L harvest 
animals tended to have more Arom mRNA expression than E harvest animals (P = 0.09).  B. In mammary 
fat pad (MFP), there was no difference in Arom mRNA expression (P = 0.47). L harvest animals tended 
to have increased Arom expression compared to E harvest animals (P = 0.10). 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

Early Late

Fo
ld

 d
iff

er
en

ce

Sal

bST

0.00

1.00

2.00

3.00

4.00

5.00

6.00

Early Late

Fo
ld

 d
iff

er
en

ce

Harvest Group

A 

B MFP 

PAR 



92 
 

 

Figure 4.3. Effect of Ovariectomy on Aromatase mRNA expression 
 Relative expression of aromatase (Arom) mRNA was evaluated in ovariectomy (OVX; n = 8) and sham 
operation (INT; n = 12heifers). Animals received treatment at one of three time points: 2-, 3-, or 4 mo of 
age and tissue was harvested 30 d later. Data is presented as 2-∆∆Ct. Comparisons were made relative to 
INT heifers therefore INT animals are set to 1.00.  A. In parenchyma (PAR), there was no effect of OVX 
(P = 0.95) or age at surgery (P = 0.33) on Arom mRNA expression.  B. In mammary fat pad (MFP), there 
was no effect of OVX on Arom mRNA expression (P = 0.46) or age at surgery (P = 0.91).  
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Figure 4. 4. Fluorescent labeling of Aromatase in Posilac and placebo treated heifers 
Heifers were randomly assigned to receive either Posilac (bST; 500 mg) or Placebo (Sal; 0.9% saline). 
Heifers were further assigned to either an early (E) or late (L) harvest group. The resulting groups were: 
Sal-E (Panel A), bST-E (Panel B), Sal-L (Panel C), and bST-L (Panel D). Paraffin embedded mammary 
fat pad (MFP) tissue sections were subjected to fluorescent labeling using Polyclonal rabbit antibody 
directed against human Arom with cross reactivity in bovine and detected using Alexa 488 fluorescent 
tag. There was no difference in the percent of fluorescent labeling (Panel E) in bST treated heifers 
compared to Sal treated heifers (P = 0.86). There was also no difference due to harvest time of tissues (P 
= 0.88) 
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Figure 4. 5. Fluorescent labeling of Aromatase in Ovariectomy and sham operated heifers 
 Heifers were randomly assigned to either ovariectomy (OVX; n = 8) or sham operation (INT; n = 
12heifers) treatment groups. Heifers received treatments at 2-, 3-, or 4 mo and mammary tissue was 
harvested 30 d later, respective to each surgery.  Heifer groups were as follows: 2 mo-INT (Panel A), 2 
mo-OVX (Panel B), 3 mo-INT (Panel C), 3 mo-OVX (Panel D), 4 mo-INT (Panel E), and 4 mo-OVX 
(Panel F).  Paraffin embedded mammary fat pad (MFP) tissue sections were subjected to fluorescent 
labeling using Polyclonal rabbit antibody directed against human Arom with cross reactivity in bovine 
and detected using Alexa 488 fluorescent tag.  There was no difference in fluorescent labeling (Panel G) 
in OVX compared to INT heifers (P = 0.61).  There tended to be a difference in fluorescent labeling due 
to age at surgery (P = 0.10). Animals 4 mo at time of surgery tended to have more labeling than heifers 2 
mo at surgery. 
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Figure 4. 6. Biosynthesis of Estrogen  from androgens by Aromatase 
Biosynthesis of estrogen (E) from androgens is catalyzed by aromatase (Arom). The A-ring of 
testosterone is oxidized to form an aromatic ring, releasing a methyl group. Schematic drawing adapted 
from Fisher and Obach (2003).   
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CHAPTER V: EFFECT OF ECM ON GENE EXPRESSION IN MAC-T CELLS 

 

INTRODUCTION 

The mammary gland is composed of epithelial structures surrounded by a network of 

connective tissue which contains blood vessels and their associated cells, fibroblasts, pre-

adipocytes, and a variety of extracellular matrix (ECM) components.  Mammary gland growth 

and development is characterized by repeated cycles of proliferation and differentiation followed 

by regression and dedifferentiation of epithelial structures.  During each cycle the ECM is also 

remodeled and degraded to allow for invasion of ductal-alveolar structures into the mammary fat 

pad (MFP).  Although once thought of as merely a scaffold for attached epithelial cells, it is now 

known that the ECM is vital in not only cell survival but also gland maturation.  Epithelial cells 

are attached to the ECM via their cell cytoskeleton and loss of attachment rapidly leads to 

apoptotic cell death (Farrelly et al., 1999).  Most mammary ECM molecules are secreted by cells 

within the stroma (STR) and especially the fibroblasts.  Production of the basement membrane 

(BM) is an exception since it is secreted by the epithelial cells and deposited between epithelial 

and STR cells (Schedin et al., 2000).  By acting as a mediator of both hormone and growth factor 

signals and providing temporal and spatial cues, the ECM plays a significant role in regulating 

cell proliferation, migration and morphogenesis.  

Of particular importance to mammary gland development are ECM proteins collagen I 

(Col), laminin (LM), and fibronectin (FN).  Secreted primarily by mammary STR, Col provides 

rigid substratum that promotes proliferation.  Rigid matrices promote proliferation due to 

increased formation of focal adhesions somewhat similar to what is seen in many breast cancers 

(Friedl et al., 1998).  Additionally, primary mouse epithelial cells cultured on Col in the presence 
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of lactogenic hormones had increased expression levels of β-casein and transferrin (Aggeler et 

al., 1988).  A major component of the BM, LM is a potent regulator of branching morphogenesis 

of epithelial structures.  Inhibition of LM, by function perturbing antibodies, abolished the ability 

of cultured cells to undergo branching morphogenesis even in the presence of recombinant BM 

(matrigel) (Stahl et al., 1997).  Cleavage of LM by matrix metalloproteinases (MMP) produces 

fragments that promote MMP-2 dependent cell migration (Schenk et al., 2003).  Localized to 

BM and interlobular STR, FN has been shown to be developmentally and hormonally regulated 

(Schedin et al., 2000; Woodward et al., 2001).  Studies using mouse cell lines have shown that 

FN increases epithelial progestin-dependent proliferation as much as 3-fold in the prepubertal 

gland (Woodward et al., 2001).  Furthermore, fragmentation of FN has been associated with 

increased detachment of epithelial cells from the ECM during mammary gland involution 

(Schedin et al., 2000). 

Previous studies from our lab indicate a role for ECM proteins in gene expression (Boyle, 

unpublished data).  Use of immortalized bovine mammary epithelial cells derived from 

mammary alveolar cells (MAC-T) has allowed in vitro modeling of mammary epithelial cells 

(Huynh et al., 1991).  In the past, in vitro work investigating the mammary gland has primarily 

used murine or human breast cancer derived cells as models.  We found that MAC-T cells 

cultured on plastic, Col I and LN had reduced proliferation in comparison to Poly-Lysine (which 

promotes cell growth, migration and adhesion) and that cells on FN grew slower compared to all 

matrices (Akers lab, unpublished data).  Furthermore, cell proliferation on FN could not be 

rescued with the addition of increased concentrations of IGF-I.  We have also noted that MAC-T 

cells grown on Col I secreted more IGF-BP2 and IGF-BP3 than cells grown on plastic in the 

presence of fetal bovine serum (FBS) or insulin. 
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The exact mechanism of ECM regulation is largely unknown.  As noted, much of what 

we know about the role of the ECM in mammary gland development has come from studies 

examining mice cell culture models or overexpression of ECM molecules in cancer models.  

Here we look at the effect of select ECM molecules on the ability of cells to proliferate using 

immortalized bovine epithelial cells as an in vitro model for bovine mammary gland 

development.  This cell culture model allows us to create bovine-specific characterizations of 

epithelial cell behaviors.  In this study, our objectives were two fold.  Firstly, we attempted to 

further characterize the MAC-T proliferative response to various homogenous ECM substrates 

by evaluating the mRNA expression profiles of select genes involved in morphogenesis and 

proliferation, IGF related components and a non-adhesive ECM protein, Clusterin (Clu).  

Secondly, we wanted to evaluate the effects of the survival ligand insulin to modify the same set 

of genes in the presence of selected ECM. 

 

MATERIALS AND METHODS 

Cell Culture 

MAC-T cells were maintained in complete media composed of Dulbecco’s Modifiied 

Eagle’s Medium (DMEM; Mediatech, Inc., Manassas, VA) supplemented with 0.4 M NaHCO3, 

50 mg/ml of Gentamicin Sulfate (Mediatech Inc., Manassas, VA), 25 µg/ml Anitbiotic-

Antimycotic  Solution (10, 000 I.U. Penicillin, 10 mg/ml Streptomycin; Mediatech Inc., 

Manassas, VA) and 10% Fetal Bovine Serum (FBS; Atlanta Biologicals, Lawrenceville, GA).  

Cells were incubated at 37oC with 5% CO2.  
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Experimental Design  

 Six-well plates coated with Col, FN, or LM were used as ECM substrates and plastic 

(PL) plates, as a nonspecific attachment factor, for cell culture experiments.  Cells were seeded 

at a density of 2.0 x 105 cells per well and allowed to attach overnight in DMEM supplemented 

with 10% FBS.  Cells were then washed with 1 ml of Dulbecco’s Phosphate-Buffered Saline 

(DPBS; Mediatech, Inc., Manassas, VA) and incubated in unsupplemented DMEM, overnight.  

This media was removed and replaced with treatment media.  Cells were incubated in treatment 

media for 12-, 24- or 48 hr and then harvested for RNA extraction.  Treatments were FBS-free 

DMEM (DM), DM + bovine insulin (BI; 500 ng/ml; Sigma-Aldrich, St. Louis, MO), or DMEM 

plus 5% FBS (FBS).  Cells were plated in duplicate in each experiment and each experiment was 

repleted three times.  

  

RNA Extraction and Reverse Transcription 

Extraction of total RNA was performed using an RNeasy Mini Kit (Qiagen, Valencia, 

CA).  Briefly, cells were lysed directly by aspirating cell culture media and adding 350 µl of 

supplied RLT buffer to each well.  RLT buffer was supplemented with β-mercaptoethanol (β-

ME; 10 µl/ ml).  Lysate was mixed thoroughly by repeated pipetting.  To ensure binding of 

isolated RNA to the spin column membrane, 350 µl of 70% ethanol in RNase-free water was 

added to the lysate and transferred to RNeasy spin column.  Spin columns were centrifuged for 

15 s at 8,000 x g.  Column-bound total RNA was washed using buffers supplied in the kit.  Total 

RNA was eluted using 14 µl of RNase-free water.  Concentration and purity of extracted RNA 

were determined using a Nanodrop ND-1000 Spectrophotometer (Nanodrop Technologies Inc., 

Wilmington, DE).  Single stranded cDNA was reverse transcribed from total RNA using the 
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High Capacity cDNA Reverse Transcription Kit (Applied Biosystem, Foster City, CA).  Briefly, 

20µg of RNA was reverse transcribed in a reaction with a final volume of 20µl using random 

primers and in the presence of 0.02U of Rnase inhibitor.  Resulting cDNA was diluted 1:10 and 

used in quantitative real time PCR reactions. 

Quantitative Real Time PCR 

Quantitative real-time PCR was performed on 12 target genes (Table 5.1).  Two 

microliters of diluted cDNA was combined with 12.5 µL of SYBR Green dye (Applied 

Biosystems, Foster City, CA), 9.5 µL of sterile distilled water, 0.5 µL of 10 µM of both forward 

and reverse primers. Real time PCR conditions were 95°C for 10 min, 95°C for 15 s, and 60°C 

for 1 min and performed in a 7300 Series Real-Time System.  Data were analyzed using SDS 

software (Applied Biosystems, Foster City, CA).  Cycle thresholds (Ct) values of genes of 

interest were normalized (ΔCt) using the geometric mean of three endogenous reference genes 

(HSK1, HSK2, HSK3) (Table 5.1).  Data were expressed as fold difference, calculated as 2(-Δ∆Ct).  

Primers were designed using Primer Express Software 3.0 (Applied Biosystems, Foster City, 

CA) and purchased from Integrated DNA Technologies (Coralville, IA).  All primers were 

diluted to 10 µM in RNase/DNase free water.  Efficiency of endogenous reference genes and 

target genes was tested using five dilutions of cDNA in duplicate.  Additionally, dissociation 

curves were run on all samples to detect primer dimers, contamination or presence of other 

amplicons. 

Genes were selected based on their proposed role in epithelial and mammary gland 

development (Table 5.2).  Genes were grouped as either members of the IGF-axis (IGF-IR, 

BP2, BP3, BP4, BP6), genes involved in morphogenesis and proliferation (Rac, Epi, Ald), or 
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non-adhesive ECM molecules (Clu). We examined the expression of these genes as impacted by  

treatment (DM, BI or FBS) or ECM substratum (Col, FN, LM, plastic (control)). 

 

Statistics 

 Gene expression data were analyzed using the Mixed Procedure of SAS (Version 9.2 

SAS Institute Inc., Cary, NC) followed by a slice of fixed effect ECM substrate and pairwise 

comparison by the Tukey test.  The main effects of substrate, treatment, time and interactions 

between all three were tested.  The model statement is as follows: 

Υ ijk = µ + Ei + Tj + Ak + (ET)ij + (EA)ik + (TA)jk + (ETA)ijk +e (ijkl), 

where Υ ijk is the dependnent variable gene expression (∆Ct) of 9 genes, µ is the overall mean; Ei 

is the fixed effect of ECM substrates (i = 1,…,4); Tj is the fixed effect of treatment (j = 1,2,3); Ak  

is the fixed effect of incubation time (k = 1, 2, 3); (ET)ij is the effect of the interaction between 

ECM substrate and treatment; (EA)ik is the effect of the interaction between ECM substrate and 

incubation time; (TA)jk is the effect of the interaction between incubation treatment and 

incubation time; (ETA)ijk  is the effect of the three-way interaction between ECM substrate, 

treatment and incubation time and e (ijkl) is the residual error (assumed to be normally and 

independently distributed).  Graphical representation of gene expression data is given as 

treatment relative to control animals calculated as 2-∆∆Ct (where ∆∆Ct = [(CtTa r- CtHSK)Exp – (CtTar 

- CtHSK)Con]).  Significance was declared at P ≤ 0.05. Trends were declared at P ≤ 0.1.  
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RESULTS 

Effect of ECM Substratum on IGF-axis Gene Expression 

 Expression of IGF-axis proteins by MAC-T cells was examined.  Data presented in 

Figure 5.1 and 5.2 represent mean responses averaged across time of harvest since the effect of 

harvest time was non-significant for these measurements.  On Col, expression of BP4 tended to 

be decreased in cells cultured in the presence of BI compared to cells cultured in DM (P = 0.10) 

(Figure 5.1A).  But treatment (presence or absence of BI or serum) had no significant effect on 

expression of IGF-IR, BP2, -3, or -6 for cells plated on Col.  Cells cultured on LM in the 

presence of BI had increased expression of BP6 compared to those incubated in DM or FBS (P = 

0.03) (Figure 5.1B).  There were no treatment related difference in expression of IGF-IR, BP2, -

3, or -4 for cells cultured on LM (Figure 5.1C).   Similarly, for cells cultured on FN there were 

no significant treatment mediated differences in expression for any IGF-axis components 

measured.  Cells cultured on PL in the presence of FBS tended to have decreased expression of 

BP3 compared to cells cultured in the presence of BI (P = 0.10) (Figure 5.1D).  Expression of 

BP4 was decreased in cells cultured in the presence of FBS compared to DM (P = 0.05).  There 

was a tendency for cells cultured in the presence of FBS to have reduced  BP6 expression 

compared to cells cultured in the presence of BI (P = 0.10).  There was no significant difference 

in expression of IGFIR, or BP2 for cells cultured on PL related to media treatments.   

Overall, expression of BP2 was decreased on Col in comparison to LM and FN but was 

not significantly different from cells cultured on PL (Figure 5.2).  However, relative expression 

of IGF-IR, BP3, -4, or -6 independent of treatment was not significantly impacted by ECM.  
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Effect of ECM Substratum and Treatment on Genes Involved in Morphogenesis and 

Proliferation Gene Expression 

 Cells cultured on Col in BI had decreased Rac expression compared with those cultured 

in the presence of DM or FBS (P = 0.05) (Figure 5.3A).  Data presented in Figure 5.3 and 5.4 

represent mean responses averaged across time of harvest.There was a tendency for cells 

cultured in the presence of BI to have less expression of Ald compared to those incubated in DM 

(P = 0.09).  There was no difference in expression of Epi for cells cultured on Col compared 

with other ECM treatments.  Cells cultured on LM or FN did not alter their expression of Rac, 

Ald, or Epi (Figure 5.3B, -C).  Cells cultured on PL in the presence of BI and FBS had decreased 

expression of Ald compared to cells cultured in DM (P <0.01) (Figure 5.3D).  Additionally, Ald 

expression tended to decrease in cells cultured 48 hr compared to cells cultured 12 hr irrespective 

of culture media (P = 0.09).  Cells cultured on PL had no difference in their expression of Rac or 

Epi.  Expression of Rac tended to be decreased in cells cultured in BI in comparison to cells 

cultured in FBS or DM regardless of substratum.   

Cells cultured on Col had significantly different expression levels of Rac in comparison 

to cells cultured on LM, FN or PL (P = 0.02; Figure 5.4).  Cells cultured on Col in the presence 

of BI had decreased Rac expression compared with cells cultured in DM or DM+ FBS.  

Moreover, Rac expression was reduced for cells on Col in the presence of BI compared with 

those on FN or PL in the presence of BI.  Regardless of treatment, relative expression of ALD 

was decreased in cells cultured on Col and PL in comparison to LM and FN (P < 0.01).  

Additionally, cells cultured in the presence of BI tended to have decreased expression of ALD in 

comparison to cells cultured in DM (P = 0.07).  Expression of ALD was also decreased in cells 

cultured on Col in the presence of both BI and FBS in comparison to cells grown on LM and FN 
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in the presence of BI and FBS (P = 0.02). Cells grown on Col in DM also had decreased 

expression of ALD in comparison to cells grown on LM and FN in DM.  Cells grown on PL had 

decreased ALD expression when cultured in the presence of BI compared to cells grown on FN 

in BI supplemented media and cells grown on PL in DM.  Cells grown on PL in FBS had 

decreased expression of ALD compared to cells grown on FN in FBS.  Overall, expression of 

Epi was not impacted by ECM (P = 0.44). 

 

Effect of ECM Substratum on Clusterin Gene Expression 

 Over time (12 to 48 h), cells cultured on Col increased expression of Clu (P = 0.03) 

(Figure 5.5).  There was no difference (due to treatment or time) in expression of Clu for cells 

cultured on LM.  Expression of Clu tended to increase between 12 and 48 hr for cells cultured on 

FN (P = 0.09).  Expression of Clu was increased in cells cultured on PL for 48 hr compared to 

cells cultured 12- and 24 hr (P = 0.03).  Overall, cells cultured 48 hr expressed more Clu 

compared to cells cultured for 12 hr regardless of culture conditions. 

 

DISCUSSION 

The objectives of this study were to test the effects of incubating bovine mammary 

epithelial cells (MAC-T) on selected homogenous ECM (Col, FN or LN) on gene expression of 

molecules involved in mammary cell proliferation (IGF-I axis members as well as ALD) and cell 

morphogenesis (Rac, Epi, and Clu).  The use of MAC-T cells as our model system provided a 

unique opportunity to study mammary epithelial cell behavior in a bovine-derived cell line.  

These immortalized cells retain many physiological and morphological characteristics of in vivo 

mammary epithelial cells (MEC) and are highly sensitive to the mitogenic effects of IGF-I and 
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possess IGF-IR (Romagnolo et al., 1994; Woodward et al., 1996).  Furthermore, MAC-T cells 

maintain such hallmarks as contact inhibition.  A plethora of literature exists documenting the 

significant roles that the ECM and its respective proteoglycans have in regulating mammary 

gland proliferation, migration and morphogenesis.  However, much of the research has been 

conducted in rodents and while many similarities exist across species it is presumptuous to 

assume mammary gland development is conserved at all levels across species.  Examples of this 

can be seen in early morphological and structural development of the prepubertal mammary 

gland.  In the prepubertal rodent mammary gland, rudimentary ductal structures extend distally 

in the surrounding fat pad.  This association with fat pad is crucial for rodent mammary gland 

development (Akers, 2002).  Additionally, terminal end buds are present in the rodent gland, 

which serve as the site of epithelial migration and ductal elongation (Hinck and Silberstein, 

2005).  In the bovine gland, expansions of rudimentary ductal structures are limited to the stroma 

and the fat pad is only prominent in very early gland development (Akers, 2002).  

Previous studies from our lab found that different ECM molecules in conjunction with 

IGF-I were able to modify MAC-T proliferation as well as IGF-BP secretion (unpublished data, 

Akers lab).  In this study, our objectives were two fold.  Firstly, we attempted to further 

characterize the MAC-T proliferative response to various homogenous ECM substrates by 

evaluating the mRNA expression profiles of select genes involved in morphogenesis and 

proliferation, IGF related molecules, and a non-adhesive ECM protein, Clu.  Secondly, we 

wanted to evaluate the effects of the survival ligand insulin to modify the same set of genes in 

the presence of selected ECM. 

The convergence of regulation of cell proliferation, migration and development by the 

ECM, steroid hormones and growth factors implies cross-talk between the signaling pathways. 
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Examples of this cross-talk can be seen in prolactin-dependent morphogenesis that requires 

epithelial cells to be attached to BM, specifically LM, and integrin β before expected hormone 

effects on cell differentiation occur (Akhtar and Streuli, 2006).  Another example is the survival 

ligand insulin which in conjunction with certain ECM molecules suppresses apoptosis (Farrelly 

et al., 1999; Lee et al., 2009).  Phosphorylation activation of the insulin receptor (IR) through 

ligand binding leads to tyrosine-phosphorylation activation of insulin receptor substrate-1 (IRS1) 

which can then catalyze downstream signaling (Farrelly et al., 1999; Lee et al., 2009).  Although 

IR can be phosphorylated independently of ECM interactions IRS1, tyrosine phosphorylation is 

highly dependent on cellular adhesion to BM, specifically LM (Farrelly et al., 1999; Lee et al., 

2009).  Interestingly, we were unable to detect the presence of IR mRNA (data not shown).  Thus 

it is likely that the effects seen in MAC-T cells in this study were mediated by IGF-IR.  While 

there is a 100- to 10,000 fold decrease in affinity, IGF-IR is capable of binding insulin (Farrelly 

et al., 1999).  It would be interesting to compare the effects of insulin in culture to cells cultured 

with insulin and an IGF-IR agonist. 

Regardless, a major downstream effector of both IR and IGF-IR signaling is P(I)3K.  

Both receptors activate IRS1 which is able to recruit P(I)3k.  The apoptotic-suppressing activity 

of this signaling molecule is dependent on both growth factor stimulation and ECM adhesion 

(Farrelly et al., 1999).  Farrelly et al. (1999) showed that cells cultured on Col were unable to 

phosphorylate P(I)3k whereas cells on BM did.  Increasingly, it has been shown that the key 

molecule of the BM responsible for the effects of insulin is LM.  Cells cultured in the presence 

of a function-blocking antibody directed against LM underwent extensive apoptosis even in the 

presence of insulin (Farrelly et al., 1999).  Given this relationship, we were expecting to see a 
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significant effect of insulin and the ECM substrate LM on genes associated with proliferation, 

but this was not the case (Figure 5.4). 

In the mammary gland, Rac1 is a crucial regulator of morphogenesis. A small Rho-

GTPase, Rac1 functions to regulate cytoskeleton organization and in turn regulates epithelial cell 

polarization (Keely et al., 1997).  Regulated, at least in part, by β integrin, Rac1 functions are 

dictated by attached ECM molecules.  In the presence of FN and LM, Rac1 increases epithelial 

cell-to-cell adhesions while in the presence of Col increases cell motility (Keely et al., 1997; 

Shintani et al., 2006).  We reported a decrease in Rac1 mRNA expression for MAC-T cells 

cultured in the presence of BI.  Interestingly, Rac1has been shown to be a downstream effector 

molecule of P(I)3K (Keely et al., 1997).  Blocking of P(I)3K with a function blocking antibody 

abolishes Rac1 mediated polarity and migration in mammary epithelial cells (Keely et al., 1997). 

It is plausible that due to the decreased affinity of insulin to the IGF-IR there was a decrease in 

P(I)3k activation which in turn reduced Rac1 expression.  Additionally, we reported an increase 

of Rac1 expression in MAC-T cells cultured on Col in serum-free media.  These results were 

similar to those seen in another Rho family member, RhoA.  Mouse MEC plated on Col and PL 

had increased RhoA activity compared to cells cultured on BM (Lee at al., 2009).  This increase 

in RhoA activity was inversely proportional to the responsiveness of cells to insulin.  Lee et al. 

(1999) showed that RhoA activity increased phosphorylation of serine residues on IRS1 

therefore interfering with tyrosine phosphorlyation.  While RhoA and Rac are not synonymous in 

their cellular functions it is interesting to note the similarities in their expression in response to 

ECM. Furthermore, examining RhoA activity might provide some insight into the regulation and 

functioning of Rac in the mammary gland. 
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 Proliferation in the mammary gland is highly regulated by several different mechanisms. 

One such mechanism is the ALD and retinoic acid system.  A cytosolic isoenzyme, ALD is the 

prominent member of the aldehye dehydrogenase group (Sladek et al., 2002; Balicki et al., 

2007).  The primary function of ALD is the oxidation of retinol to retinoic acid (RA), which has 

been shown to inhibit IGF-I stimulated proliferation in mammary cells (Woodward et al., 1996).  

Additionally, RA has been shown to be a potent transcriptional regulator of genes involved in 

tumor suppression, modulation of differentiation and cell-to-cell communication (Woodward et 

al., 1996).  While the exact mechanism of RA inhibition is not clear, it has been shown that RA 

inhibits in two phases.  There is an acute inhibition within 1 min followed by a more inhibition 

that is dependent on protein synthesis (Woodward et al., 1996).  Inhibition by RA has also been 

seen in conjunction with reduced DNA synthesis (Sladek et al., 2002).  Woodward et al. (1996) 

showed that RA exerts its inhibitory effects on IGF-I stimulated proliferation through modulation 

of IGF binding proteins (IGF-BPs).  While BP 2, -3, -4, and -6 have been shown to be regulated 

by RA only BP6 has been shown to contain a RE response element (Woodward et al., 1996; 

Uray et al., 2009).  In this study we observed reduced ALD mRNA expression in MAC-T cells 

cultured in the presence of BI and FBS on PL as well as on Col in the presence in BI.  We also 

reported decreased BP2 on Col, BP3, -4 and -6 on PL in the presence of FBS.  However, BP6 

was increased on LM in the presence of BI.  It has been previously reported that in the human 

breast cancer cell line MCF-7, RA inhibition was correlated with an increase in BP 3, and -4 

(Sheikh et al., 1992).  Furthermore, FBS and serum albumin have both been shown to bind and 

therefore inhibit RA actions (Woodward et al., 1996).  Additionally, Woodward et al. (1996) 

reported a significant increase in BP2 due to RA and insulin.   It is plausible that the decreases 

we saw in BP 2, -3 and -4 expression are the indirect result of decreased ALD.  It is completely 
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logically to conclude that since the presence of RA is dependent, at least in part, to the actions of 

ALD, any decrease in ALD would correspondingly reduce RA levels and therefore any effects.  

An interesting caveat to this, however, is that insulin has been shown to stimulate BP3 

expression and that RA abolishes this effect (Woodward et al., 1996).  An alternative explanation 

for the decrease in BP3, despite stimulation by insulin is that the levels of ALD are depressed as 

part of a negative feedback system with RA.  While we did not measure RA levels in this 

experiment, it would be interesting to see if the modulations in BP are due, at least, in part to the 

presence of RA.  Of all the BP examined, only BP6 increased in expression.  There was 

increased expression of BP6 in MAC-T cell cultured on LM in the presence of BI.  Uray et al. 

(2009) reported increased BP6 expression in response to RA.  This supports the idea that changes 

in RA may modulate proliferation responses in MAC-T cells. 

Although the modulations in BP expression appear to be similar to previously reported 

expression patterns in response to RA, it is possible that these expression profiles are due to 

substratum.  Woodward et al. (2000) showed that cells treated with an IGF-I analogue that binds 

IGF-IR but not BP lead to increased expression of BP2 and -3 in mouse cells cultured on Col, 

FN, and PL.  Furthermore, expression of all BP was significantly lower on FN (Woodward et al., 

2000).  

 In addition to examining genes involved in cell adhesion, we also examined Clu, a non-

adhesive ECM-associated protein, which represents a different class of ECM molecule. 

Expression of Clu is ubiquitous in almost all mammalian tissues.  Indicated in both 

developmental and pathogenic states, Clu is a small heterodimeric glycoprotein (Jones et al., 

2002).  While an exact biological function is not clear, Clu is associated with cell aggregations, 

epithelia morphogenesis in mammary gland and tissue survival in hormone deficient breast and 
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prostate tissues (French et al., 1996; Schedin et al., 2004).  Previous studies have shown that Clu 

is endocrine regulated, being highest in virgin rodent gland and during early involution and 

lowest during pregnanacy and lactation (French et al., 1996; Schedin et al., 2004; Seol et al., 

2005).  Cells undergoing apoptosis have also been shown to have increased expression of Clu.  

In our current study, we found that while Clu expression was not affected by substrate or culture 

media, it did increase over time in culture.  While we have no exact explanation for this time 

dependent increase it is highly unlikely that it is due to morphogenesis or differentiation.  Firstly, 

we did not expose cells to lactogenic hormones necessary for differentiation.  Secondly, we were 

unable to detect β-casein mRNA, a hallmark of MAC-T differentiation.  It is plausible that cells 

had begun to undergo apoptosis.  In this study we maintained cells in DM, BI, or FBS for 

extended times. There was no change of media during the course of the experiment and it is 

possible that cells entered into crisis due to nutrient limitations especially cells cultured in DM 

and BI.  While we did not examine any apoptotic markers, it would be interesting to evaluate 

expression profiles for these markers. 

Much of current research focuses on over expression of insulin and while this can be 

useful in understanding the role of insulin in pathogenesis, understanding the process of normal 

development is also important.  In our current study we report modest modifications in the 

expression of select genes due to ECM substratum.  It is important to note that while we saw few 

effects of ECM on gene expression, no direct assay of proliferations was performed.  It is 

possible that by only examining gene expression we may have overlooked any protein 

accumulation or acute responses to substratum or substratum-insulin interactions.  We did 

observe gene expression profiles similar to what is observed in mammary cells after RA 

stimulation.  But even then we may have missed any acute responses to RA in the cell culture 
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system.  Woodward et al (1996) reported responses to RA stimulation as soon as 1 hr, therefore 

our 12 hr time point would have been too long.  Interestingly, increasing interest in ECM 

functioning has focused on the role of integrin receptors.  It has been suggested that integrins 

function as checkpoints, only allowing signals at the appropriate time. While we did not examine 

integrin expression or composition, it would be interesting to see the gene expression profile of 

β-integrins under our current cell culture conditions.  In this study we reported no effect of 

substratum on Clu expression, indicating that MAC-T cells were behaving similarly as in vivo 

epithelial cells.  One perpetual issue with model systems is creating a model that as closely as 

possible mimics in vivo conditions.  While MAC-T cells have been shown to possess many of 

the hallmark characteristics of MEC, they are still an immortalized cell line and therefore caution 

should be taken when applying characteristics delineated by MAC-Ts to the functional gland.  

Furthermore, cells were cultured on the surface of the tested ECM.  Responses might differ if 

cells were cultured within an ECM matrix.  
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Table 5. 1. Primers used for detection of target genes 
Primers used in the detection of target genes from cells cultured on collagen I(Col), laminin (LM), 
fibronectin (FN) or plastic (PL) in the presence of  serum or bovine insulin (BI). 

 

 

 

 

 

 

 

 

Gene Abbrev 
Forward Primer 

5`→3` 

Reverse Primer 

5`→3` 

PPP1R11 HSK1 CCATCAAACTTCGGAAACGG ACAGCAGCATTTTGATGAGCG 

RPS15A HSK2 GAATGGTGCGCATGAATGTC GACTTTGGAGCACGGCCTAA 

MTG1 HSK3 CTTGGAATCCGAGGAGCCA CCTGGGATCACCAGAGCTGT 

IGF-BP2 BP2 CAAGGGTGGCAAACATCAC GAGGTTGTACAGGCCATGCT 

IGF-BP3 BP3 CAGAGCACAGACACCCAGAA TGCCCCGTACTTATCCACACA 

IGF-BP4 BP4 GCCGCACACACGTCTATCTA CGCTTGCATGATTTACACGA 

IGF-BP6 BP6 CGCAGAGACCAACAGAGGAACT GGGACCCATCTCAGTGTCTTG 

Rac1 Rac CGT GCA AAG TGG TAC CCT GAA GTT TCG TCC CCA CCA GGA 

Clusterin Clu CCC AGC AGG CCA TGG A GTA CGG TCG TTG TTT TCT GTG AAT 

IGF-IR IGFIR TCAAGGACGGAGTCTTCACC GCTCAAACAGCATGTCAGGA 

Epimorphin Epi CAGCGTCAGCTAGAAATAACTGGAA AGAGCCTGTCTAGTAATTTGTGAATCTG 

Aldehyde 
dehydrogenase 

1A1 

ALD AAC CGT GTG GGT GAA CTG CTA TCG ACC ATT TCC AGA CAT CTT 
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     Table 5. 2. Function of target genes 
     Function of genes targeted by qRT-PCR. 

 

 

 

 

 

 

 

 

 

 

 

Gene Function 

IGF-BP2 Binds IGFs; inhibits cell growth in some cell lines 

IGF-BP3 Binds IGFs; translocates IGF-I to membrane receptor 

IGF-BP4 Binds IGFs; associated with inhibition of IGF-I stimulated proliferation 

IGF-BP6 Binds IGFs; higher affinity for IGF-II 

IGF-IR IGF-I receptor; lowered affinity for In 

Rac1 Transmitter of ECM signals affecting proliferation; regulator of morphogenesis 

Clusterin Key role in epithelial phenotype; modulates cell-cell, cell-ECM interactions 

Epimorphin Key promoter of morphogenesis 

Aldehyde 
dehydrogenase 

1A1 

Enzymatically converts vitamin A into retinoic acid; retinoic acid is an inhibitor of 

IGF-1 stimulated proliferation. 
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Figure 5. 1. Effect of extracellular matric substratum on IGF axis molecules gene  
expression 
 MAC-T cells were cultured on one of four substratum: Panel A, collagen I (Col); Panel B 
laminin (LM); Panel C, fibronectin (FN); or Panel D, plastic (PL).  Data represent responses 
averaged across harvest times (12-, 24-, or 48 hr) because the effect of harvest time was non-
significant for these measurements. Relative comparisons were made against cells cultured in DM 
(solid line) for each respective plate.  A. For cells cultured on Col expression of BP4 tended to be 
decreased (*) in in the presence of bovine insulin (BI) compared to cell cultured in DM (P = 
0.10).  B. Cells cultured on LM in the presence of BI had increased (*) expression of BP6 
compared to DM and FBS cultured cells (P = 0.03). C. Cells cultured on FN had no significant 
treatment induced differences in expression for any IGF-axis molecule measured. D. Cells 
cultured on PL in the presence of FBS tended to have decreased expression (*) of BP3 compared 
to cells cultured in the presence of BI (P = 0.10).  Expression of BP4 was decreased in cells 
cultured in the presence of FBS compared to DM (P = 0.05).  There was a tendency for cells 
cultured in the presence of FBS to have decreased BP6 expression compared to cells cultured in 
the presence of BI (P = 0.10). 
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Figure 5. 2. Comparison of IGF axis molecules gene expression across extracellular matrix  
substratum 
MAC-T cells were cultured on one of four substratum: collagen I (Col), laminin (LM), fibronectin (FN) 
or plastic (PL).  Data represent responses averaged across harvest times (12-, 24-, or 48 hr) and treatment 
(DMEM, BI, and FBS).  Relative comparisons were made against cells cultured on PL (solid line).   
Overall, expression of BP2 was decreased (*) on Col in comparison to LM and FN (P = 0.02). There was 
no overall difference in expression of IGF-IR, BP3, -4, or -6 across substrates.   
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Figure 5. 3. Effect of extracellular matrix substratum on gene expression of genes involved 
in morphogenesis and proliferation 
MAC-T cells were cultured on one of four substratum: Panel A, collagen I (Col); Panel B laminin 
(LM); Panel C, fibronectin (FN); or Panel D, plastic (PL). Data represent responses averaged 
across harvest times (12-, 24-, or 48 hr). Relative comparisons were made against cells cultured in 
DM (solid line) for each respective plate.  A. Cells cultured on Col in DM had increased (*) Rac 
expression in comparison to cells cultured in the presence of bovine insulin (BI) and FBS (P = 
0.05).  There was a tendency for cells cultured in the presence of BI to have decreased expression 
of Ald compared to DM (P = 0.09).  B. Cells cultured on LM did not exhibit any treatment 
induced differences in expression of Rac, Ald, or Epi. C. Neither were there treatment related 
differences in expression of Rac, Ald, or Epi for cells cultured on FN. D. Cells cultured on PL in 
the presence of BI and FBS had decreased expression (*) of Ald compared to cells cultured in 
DM (P = 0.008).  Additionally, Ald expression tended to decrease 0.2-fold in cells cultured 48 hr 
compared to cells cultured 12 hr irrespective of culture media (P = 0.09).  There were no 
significant treatment induced difference in expression of Rac or Epi for cells cultured on PL.  
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              Figure 5. 4. Comparison of genes involved in morphogenesis and proliferation gene  
              expression across extracellular matrix substratum 

MAC-T cells were cultured on one of four substratum: collagen I (Col), laminin (LM), 
fibronectin (FN) or plastic (PL). Data represent responses averaged across harvest times (12-, 24-, 
or 48 hr) and treatment (DMEM, BI, and FBS). Relative comparisons were made against cells 
cultured on PL (solid line).  Cells cultured on Col had significantly lowered (*) expression of 
Rac in comparison to cells cultured on LM, FN or PL (P = 0.02). Relative expression of 
ALD was decreased (*) in cells cultured on Col and PL in comparison to LM and FN (P 
< 0.01).  Relative expression of Epi was not affected by substratum (P = 0.44). 
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             Figure 5. 5. Expression of Clusterin across substrates 
MAC-T cells were cultured on one of four substratum: collagen I (Col), laminin (LM), 
fibronectin (FN) or plastic (PL). Data represent responses averaged across treatments (DMEM, 
BI, and FBS). Cells were cultured for 12-, 24-, or 48 hr.  Relative comparisons were made against 
the 12 hr time point (solid line).  Overall, expression of Clu was increased over time from 12- to 
48 hr.  Cells cultured on Col for 48 hr expressed more (*) Clu than cells cultured for 12 hr.  Cells 
cultured on FN for 48 hr tended to express more Clu than cells cultured for 24 hr. Cells cultured 
on PL for 48 hr expressed significantly more (*) Clu than cells cultured for 12- and 24 hr.  Data 
expressed as fold difference (2-∆∆Ct). 
 
 
 
 
 
 

 

 

  

0.00

0.50

1.00

1.50

2.00

2.50

3.00

Col LM FN PL

R
el

at
iv

e E
xp

re
ss

io
n

Substrate

24

48

* 
* 



123 
 

REFERENCES 

Aggeler, J., Park, C.S., Bissell, M.J., 1988. Regulation of milk protein and basement membrane 
gene expression: the influence of the extracellular matrix. J Dairy Sci 71, 2830-2842. 
 
Akers, R. M. 2002. Lactation and the Mammary Gland. 1st ed. Iowa State Press. 

Akhtar, N., Streuli, C.H., 2006. Rac1 links integrin-mediated adhesion to the control of 
lactational differentiation in mammary epithelia. J Cell Biol 173, 781-793. 
 
Balicki, D., 2007. Moving Forward in Human Mammary Stem Cell Biology and Breast Cancer 
Prognostication Using ALDH1. Cell Stem Cell 1, 485-487. 
 
Farrelly, N., Lee, Y.J., Oliver, J., Dive, C., Streuli, C.H., 1999. Extracellular matrix regulates 
apoptosis in mammary epithelium through a control on insulin signaling. J Cell Biol 144, 1337-
1348. 
 
French, L.E., Soriano, J.V., Montesano, R., Pepper, M.S., 1996. Modulation of clusterin gene 
expression in the rat mammary gland during pregnancy, lactation, and involution. Biol Reprod 
55, 1213-1220. 
 
Friedl, P., Brocker, E.B., Zanker, K.S., 1998. Integrins, cell matrix interactions and cell 
migration strategies: fundamental differences in leukocytes and tumor cells. Cell Adhes 
Commun 6, 225-236. 
 
Hinck, L., Silberstein, G.B., 2005. Key stages in mammary gland development: the mammary 
end bud as a motile organ. Breast Cancer Res 7, 245-251. 
 
Huynh, H.T., Robitaille, G., Turner, J.D., 1991. Establishment of bovine mammary epithelial 
cells (MAC-T): an in vitro model for bovine lactation. Exp Cell Res 197, 191-199. 
 
Jones, S.E., Jomary, C., 2002. Clusterin. Int J Biochem Cell Biol 34, 427-431. 
 
Keely, P.J., Westwick, J.K., Whitehead, I.P., Der, C.J., Parise, L.V., 1997. Cdc42 and Rac1 
induce integrin-mediated cell motility and invasiveness through PI(3)K. Nature 390, 632-636. 
 
Lee, Y.J., Hsu, T.C., Du, J.Y., Valentijn, A.J., Wu, T.Y., Cheng, C.F., Yang, Z., Streuli, C.H., 
2009. Extracellular matrix controls insulin signaling in mammary epithelial cells through the 
RhoA/Rok pathway. J Cell Physiol 220, 476-484. 
 
Romagnolo, D., R. M. Akers, J. C. Byatt, E. A. Wong, and J. D. Turner, 1994. Regulation of 
expression of IGF-I-induced IGFBP-3 and IGF-I-receptor by constitutive vs regulate expression 
of recombinant IGF-I in transfected mammary epithelial cells Endocrine 2, 375-384. 
 
Schedin, P., Mitrenga, T., McDaniel, S., Kaeck, M., 2004. Mammary ECM composition and 
function are altered by reproductive state. Mol Carcinog 41, 207-220. 



124 
 

 
Schedin, P., Strange, R., Mitrenga, T., Wolfe, P., Kaeck, M., 2000. Fibronectin fragments induce 
MMP activity in mouse mammary epithelial cells: evidence for a role in mammary tissue 
remodeling. J Cell Sci 113 ( Pt 5), 795-806. 
 
Schenk, S., Hintermann, E., Bilban, M., Koshikawa, N., Hojilla, C., Khokha, R., Quaranta, V., 
2003. Binding to EGF receptor of a laminin-5 EGF-like fragment liberated during MMP-
dependent mammary gland involution. J Cell Biol 161, 197-209. 
 
Seol, M.B., Bong, J.J., Baik, M., 2005. Expression profiles of apoptosis genes in mammary 
epithelial cells. Mol Cells 20, 97-104. 
 
Sheikh, M.S., Shao, Z.M., Chen, J.C., Clemmons, D.R., Roberts, C.T., Jr., LeRoith, D., Fontana, 
J.A., 1992. Insulin-like growth factor binding protein-5 gene expression is differentially 
regulated at a post-transcriptional level in retinoic acid-sensitive and resistant MCF-7 human 
breast carcinoma cells. Biochem Biophys Res Commun 188, 1122-1130. 
 
Shintani, Y., Wheelock, M.J., Johnson, K.R., 2006. Phosphoinositide-3 kinase-Rac1-c-Jun NH2-
terminal kinase signaling mediates collagen I-induced cell scattering and up-regulation of N-
cadherin expression in mouse mammary epithelial cells. Mol Biol Cell 17, 2963-2975. 
 
Sladek, N.E., Kollander, R., Sreerama, L., Kiang, D.T., 2002. Cellular levels of aldehyde 
dehydrogenases (ALDH1A1 and ALDH3A1) as predictors of therapeutic responses to 
cyclophosphamide-based chemotherapy of breast cancer: a retrospective study. Rational 
individualization of oxazaphosphorine-based cancer chemotherapeutic regimens. Cancer 
Chemother Pharmacol 49, 309-321. 
 
Stahl, S., Weitzman, S., Jones, J.C., 1997. The role of laminin-5 and its receptors in mammary 
epithelial cell branching morphogenesis. J Cell Sci 110 ( Pt 1), 55-63. 
 
Uray, I.P., Shen, Q., Seo, H.S., Kim, H., Lamph, W.W., Bissonnette, R.P., Brown, P.H., 2009. 
Rexinoid-induced expression of IGFBP-6 requires RARbeta-dependent permissive cooperation 
of retinoid receptors and AP-1. J Biol Chem 284, 345-353. 
 
Woodward, T.L., Mienaltowski, A.S., Modi, R.R., Bennett, J.M., Haslam, S.Z., 2001. 
Fibronectin and the alpha(5)beta(1) integrin are under developmental and ovarian steroid 
regulation in the normal mouse mammary gland. Endocrinology 142, 3214-3222. 
 
Woodward, T.L., Turner, J.D., Hung, H.T., Zhao, X., 1996. Inhibition of cellular proliferation 
and modulation of insulin-like growth factor binding proteins by retinoids in a bovine mammary 
epithelial cell line. J Cell Physiol 167, 488-499. 
 
Woodward, T.L., Xie, J., Fendrick, J.L., Haslam, S.Z., 2000. Proliferation of mouse mammary 
epithelial cells in vitro: interactions among epidermal growth factor, insulin-like growth factor I, 
ovarian hormones, and extracellular matrix proteins. Endocrinology 141, 3578-3586. 
 



125 
 

OVERALL SUMMARY AND CONCLUSION 

 

 Regulation of mammary growth and development is a tightly controlled process that is 

regulated by both steroid hormones and growth factors.  While exact mechanisms are not 

completely understood strides are being made to gain a better understanding.  In the bovine 

gland, postnatal mammary growth proceeds isometrically until approximately three months, 

when the mammary gland undergoes rapid expansion of rudimentary ductal structures.  This 

rapid growth continues until approximately nine months when the gland resumes isometric 

growth.  In our current studies, we proposed that it is during this time that the mammary gland is 

highly susceptible to manipulations of growth.  Furthermore, we proposed that manipulations 

during this time would increase the number of milk producing or epithelial cells through 

increased proliferation.  In a separate study we evaluated the effect of ECM substratum on gene 

expression in a model bovine epithelial cell line. 

 Surprisingly, we saw minimal effects of bST on the mammary gland.  This is in contrast 

to much published literature, reporting dramatic effects of bST on mammary composition and 

growth.  Many of the studies have focused on older pubertal heifers and this may partially 

explain some of these results.  We also observed no difference in gene expression of genes 

involved in proliferation and morphogenesis in the mammary gland.  In another surprising twist, 

we reported minimal effects of OVX.  While OVX did alter gene expression it was to a much 

lesser extent then we hypothesized.  Based on our puzzling results we concluded that regulation 

of the mammary gland may be occurring at a different level and therefor dampening any effects 

we presupposed by bST and OVX.  Confirmation of the presence of Arom in the mammary 

gland implied that local concentrations of E may have remained the same despite changes in 

endocrine status induced by administration of exogenous bST or ovariectomy. While this may 
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explain the lack of difference between bST and Sal treated, and OVX and INT heifers, it also 

lends further support to the idea that locally produced mitogens are more biologically relevant 

than their systemic counterparts. 

 In conclusion, we saw minimal mitogenic effects of exogenous GH and showed that 

regulation by ovarian hormones appeared to be more potent in the regulation of mammary gland 

growth and development.  Furthermore, we were able to conclusively detect the presence of 

Arom in the bovine mammary gland and that its expression is temporally regulated.  While it is 

tempting to conclude that exogenous GH is ineffective in young mammary glands it is important 

to note the GH responsiveness with respect to gene activation has been shown to be transient and 

more sampling times were necessary in this study.  Additionally, IGF-I is regulated by both GH 

and E and it plausible that since there was no decrease in local Arom expression the effects of 

exogenous bST were muted.  We also showed that ECM proteins had little impact on epithelial 

gene expression.  Further studies examining integrin expression and localization would provide 

more insight into ECM-epithelial interactions and regulation. 
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FUTURE WORK 

 

 As previously stated, these experiments should serve as preliminary ground work future 

experiments designed to futher characterize mammary growth and development.  Adminstering 

exogenous growth hormone (GH) did not yield the expected results of increased parenchyma 

(PAR) and proliferation.  One possibility was that our sampling times were too far apart and 

therefor we missed any acute response to GH.  It is also possible that while we did not see the 

expected results we did “prime” the gland.  To address both issues, tracking heifers thru their 

first and second lactations, that have been subjected to similar experimental conditions as those 

mentioned here, might provide some insight in early mammary gland maturation.  Also, 

decreasing the sampling period from 21 d to 7d would also facilitate detection of acute response 

to GH.  Additionally, it was assumed that since there were was no change in aromatase (Arom) 

expression that there was also no change in local estrogen (E) concentrations.  While this was 

convient for the scope of experiments conducted actual measurement of mammary gland local E 

concentration is a vital part in unraveling the role of Arom and ovarian hormones in early 

mammary gland development.  It would also be of use to measure regional concentrations of 

Arom in mammary stroma (STR) and mammary fat pad (MFP).  Additionally, the prescence of 

Arom does not provide information as to its activity, so assays quantifying Arom activity as 

necessary as well.  We attempted to measure Arom activity in these young animals using a 

triated water realease assay.  However, our assay was not sensitive enough to distinguish 

between the low levels of Arom activity in these young animals and background signal.  We 

were able to detect Arom acitivity in the ovary, indicating that the assay was functional.  In 

examining the role of the extracellular matrix (ECM), we choose a set of genes that had 

previously be shown to be responsive to nutritionally perturbations or that were known to be 
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involved in ECM regulation.  The next step would be to examine the expression profiles of ECM 

receptors, integrins, and proteins involved in ECM remodeling, such as matrix 

metalloproteinases (MMP).  Both integrins and MMP’s have been shown to be potent regulators 

in the ECM.  

  



129 
 

APPENDICES 

 

APPENDIX A: FURTHER READING 

Velayudhan, B. T. 2009. Ovarian and growth hormone regulation of mammary growth 
and transcript abundance in prepubertal dairy heifers. Ph.D. Dissertation. Virginia 
Polytechnic Institute and State University. 
 
Ballagh, K., N. Korn, L. Riggs, S. L. Pratt, F. Dessauge, R. M. Akers, and S. Ellis. 2008. 
Hot topic: Prebubertal ovariectomy alters the development if myoepithelial cells in the 
bovine mammary gland. J Dairy Sci 91: 2992-2995. 

 
 
The readings listed above incorporated tissues from heifers described throughout this 
dissertation.  
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APPENDIX B: DETAILED PROXIMATE ANALYSIS PROTOCOL 

B.1. Method for making mammary fat pad and parenchyma homogenates in high salt 
homogenization buffer (0.05M NaPO4 + 2M NaCl + 0.002M EDTA) 
 

1. Label and weigh appropriate number of 2 ml microfuge tubes (AKA original tubes). 
You do not need to make homogenates in duplicate; one will suffice. 

2. Label a duplicate set of 2 ml tubes (these don’t have to be weighed; AKA wash tubes) 
3. Label another set of 1.5 ml tubes (these don’t have to be weighed unless you really want 

to – see step #13). You will place your final fraction in this set of tubes. 
4. Place 800 ul of 0.05M NaPO4 + 2M NaCl + 0.002M EDTA buffer into original tubes. 
5. Place 700 ul of 0.05M NaPO4 + 2M NaCl + 0.002M EDTA buffer into wash tubes. 
6. Tare out original tube on scale. Weigh out ~250 mg of tissue into original tube. Clean 

excess tissue off top of tube with kimwipe. Record exact tissue weight; vortex tube 
immediately and place on ice. 

7. Polytron tissue in original tube for ~30 sec. Be sure to keep the tube on ice while using 
the polytron. 

8. Polytron wash tube for ~30 sec; use a transfer pipette to place contents of wash tube into 
original tube; briefly vortex tube; keep on ice 

9. Clean polytron tip between uses with 70% EtOH or buffer. Wipe with kimwipe. 
10. When time allows, weigh the original tubes again; this will account for tissue and buffer 

loss during polytron use. 
11. When ready, centrifuge all homogenates using the Beckman centrifuge in the walk-in 

coldroom. Use setting 2.5 or 3.0 for 5 min (this is about 1000 x g) 
12. After centrifuging use a glass Pasteur pipette to remove the liquid (“soluble fraction”) in 

the tube. Place this into appropriately labeled 1.5 ml tube. 
13. Re-weigh original tube; determine soluble fraction mass by difference – OR – determine 

it directly by weighing the 1.5 ml tubes (if you weighed the empty tubes). 
14. Throw out original tubes. 
15. Disassemble and clean the polytron tip with mild detergent 
16. Samples in the 1.5 ml tubes are now ready for use in protein (use 10 ul sample + 15 ul 

buffer) and DNA (use 2 ul) assays. Place in -80 freezer if not using immediately. 
 

B.2. DNA Assays of Mammary Parenchyma and Fat Pad Homogenates on the Hoefer DQ 
300 Fluorometer 
 

1 Prepare the high range assay buffer and DNA standard solutions (see below). 
2 Select the fluorescence channel. 

a. Plug in and turn on fluorometer 
b. Press the <UV/B> button to select UV 

3 Assign calibration standard value. 
a. Press <STD VAL>. Use the <UP> or <DOWN> button to adjust the standard 

value. We use the high range assay so enter “999”. Press <ENTER>. 
b. NOTE: if you use the low range assay, this reference number will change 
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4 Zero the instrument. 
a. Prepare an assay blank using 2 ml of high range assay buffer (see below).  
b. Press <CAL>, then press <ENTER>. 
c. Insert the cuvette containing the blank into the well, close lid, press <ENTER> 

5 Calibrate the instrument. 
a. Deliver 2 ul of DNA standard (see below) to 2 ml of assay buffer. 
b. Mix by pipetting several times with a transfer pipet. Remove any bubbles before 

reading. 
c. Place cuvette in well, close lid, press <ENTER>. 
d. After entered value is displayed press <ENTER>, then remove cuvette. 

6 Measure unknowns. 
a. Press <SET>. Use <UP> or <DOWN> to select “discrete” mode.  Press 

<ENTER>. 
b. Add 2 ul of sample to 2 ml of assay buffer in a disposable cuvette. 
c. Mix by pipetting several times with a transfer pipet. Remove any bubbles before 

reading. 
d. Place cuvette in well, close lid, press <READ>. 
e. Record measurement displayed. If you follow this protocol exactly, your values 

will be in ng/ml.   
f. Repeat for each subsequent sample, using a new cuvette for each sample. I used 

triplicates. 
g. Some of your samples might be low. There are 2 options I know of if this is so – 

i.  you can use a higher volume (5 ul maybe), calculation will be a little 
different  

ii.  switch to the low range assay (10 – 500 ng/ml final DNA concentration). 

___ 

Example concentration calculation: 

 Amount  = 2 ul of 1 mg/ml DNA standard + 2 ml assay buffer  
= 2 ul x (1 mg/ml)   
= 2 ul x (1 mg/1000 ul) 
= 2 ul x (1000 ug/1000 ul) 
= 2 ug DNA 

 Final conc. in cuvette = 2 ug/2 ml = 1ug/ml = 1000 ng/ml  ~ 999 reading on 
machine  
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Stock Solutions for DNA Assays 
 

 
Hoechst dye stock solution (10 ml, 1 mg/ml Hoechst H 33258) – 

a. Add 10 ml distilled water to 10 mg H 33258. 
b. Do not filter. 
c. Store at 4C for up to 6 mo in amber bottle 

10X TNE buffer (1000 ml, buffer stock solution) –  

a. 12.11 g   Tris   100 mM 
b. 3.72 g   EDTA Na2-2H2O  10 mM 
c. 116.89 g  NaCl   2 M 

 
Dissolve in ~800ml distilled water. Adjust ph to 7.4 with 12N HCl. Add distilled water to 
1000ml. Filter before use (0.45 um). Store at 4C for up to 3 months. 

DNA Standard (1 mg/ml; calf thymus)  

 
Working Solutions for High Range DNA Assay 

 
High Range Assay Buffer (100 to 5000 ng/ml final DNA concentration) MAKE FRESH 
DAILY: 

a. 100 ul  Hoechst dye stock solution 
b. 10 ml 10X TNE buffer 
c. 90 ml distilled water 

DNA Standard (1 mg/ml; calf thymus)  

 

Working Solutions for Low Range DNA Assay 
 
Low Range Assay Buffer (10 to 500 ng/ml final DNA concentration) MAKE FRESH 
DAILY: 

a. 10 ul  Hoechst dye stock solution 
b. 10 ml 10X TNE buffer 
c. 90 ml distilled water 
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DNA Standard (100 ug/ml) = 1:10 dilution of 1 mg/ml DNA stock standard  

a. 100 ul 1mg/ml DNA standard stock 
b. 100 ul  10X TNE buffer 
c. 800 ul  distilled water 
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B.4.Lipid extraction – Hexane-Isopropanol method 
 
Reagents: 

1. Hexane-isopropanol (3:2; HIP) –  
Hexane      600 ml 
100% Isopropanol    400 ml 
BHT      50 mg (omit BHT if no further analysis on lipid is      
                                                             necessary) 
 

2. Sodium sulfate –  
a. Na2SO4   6.67 g 
b. H2O    100 ml 

(these solutions can be stored at room temperature indefinitely) 

Preparation: 

• Pulverize the PAR and MFP samples in the freezer mill. 
• Acid wash and dry screw cap test tube for extraction (2 per duplicate; 4 tubes total 

per sample).  
• Avoid touching the tubes with bare hands. Always wear gloves.  

Procedure: 

1. Label (label should go all the way around the tube to save it during evaporation) and pre-
weigh 2 sets of tubes for each sample. These tubes will be used to collect the solvent 
fraction during extraction.  

2. Weigh 250 mg of the pulverized sample in duplicates into acid washed tubes. 
3. Add 4.5 ml HIP, screw the cap in and vortex for 30 sec. 

(the ratio of sample to HIP volume (1 gm to 18 ml) should be maintained when using 
greater or lesser amount of tissue). 

4. Add 3 ml of sodium sulfate. Cap and vortex for 30 sec. Let stand for about 5 min until 
phase separates. Vortex again for 30 sec. 

5. Centrifuge at 1000g for 5 min at room temperature. 
6. Transfer the upper solvent phase to the pre-weighed tubes with a Pasteur pipette. Cap and 

save the fraction. 
7. Re-extract the bottom aqueous layer by adding 3 ml of HIP, vortex for 30 sec. Vortex 

again after 5 min. 
8. Centrifuge at 1000g for 5 min at room temperature. 
9. Transfer the upper solvent layer to the same tube saved from Step 6.  
10. Load the tubes with solvent fraction into N-Evap. Set the water bath at 40oC. Evaporate 

the solvent under N2 vapor.  
11. Once the solvent gets evaporated completely, remove the tubes from N-Evap, clean and 

dry the outside of the tubes. Let the residue to be dried completely by leaving overnight. 
12. Weigh the tubes with residue. Subtract the initial weight of the tubes from the final 

weight which gives the weight of lipid residue.   
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APPENDIX C.  DETAILED IMMUNOHISTOCHEMICAL STAINING 

C.1.   Immunohistochemical detection of Ki-67 and BrdU: Dual labeling by fluorescence 
detection 

Method developed by A. V. Capuco 
(Ki67 rabbit monoclonal antibody (Clone SP6) purchased from Fisher; Cat # RM-9106-S0) 
(BrdU mouse monoclonal antibody (Clone BMC-9318) purchased from Fisher; Cat # 
MAB3424) 
Note:BrdU antibody was formerly Roche and Boehringer Mannheim catalog number 1170376 
                    

          DAY 1:  
        1. Deparaffinize and hydrate: 

                     
 

Xylene 3 x 5 min RT 
       

  
100% EtOH 2 x 3 min RT 

       
  

95% EtOH 2 x 3 min RT 
     

   
70% EtOH 1 x 3 min RT 

       
  

Di H2O 2 x 2 min  RT 
   

          2. Microwave Antigen Retrieval: 
     

 
Need: glass jar, slider carrier, 500 ml 10 mM citrate buffer 

            
 

  
  

Microwave on high for 5 min (boils at 3:30 min) 
  

 
  

  
Sit untouched for 5 min 

    
 

  
  

Microwave on high for 5 min (boils at 30 sec) 
    ALTERNATIVE: Boil continuously on a hotplate (highest setting) for 15 min 

   
   

Sit untouched for 30 min  
    

          3. Wash with  1x PBS: 
                     

 
1x PBS 3 x 2 min RT 

   
          4. Aspirate PBS with vacuum before blocking; one slide at a time 

            5. Block with CAS Block: 
                 

   
1-2 drops CAS block per section 

     
   

put plastic coverslip on when done  
     

   
incubate RT for 30 min; time from first slide 

  
          6. Primary antibody incubation: 

                 
   

Aspirate slide (don't wash)  
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Add 50 ul of combined primary antibody solution  per section 

     
rabbit anti-Ki67 = 1:200 dilution 

  
     

mouse anti-BrdU = 1:66.7 dilution 
  

    
add 15 ul of anti-Ki67 + 45 ul of anti-BrdU to a total of 3000 ul CAS Block 

  
   

Add coverslip, ok to re-use from blocking step 
    

   
Incubate overnight at 4 C  

    
                              

          DAY 2:  
        7. Wash in 1x 

PBS: 
                      

 
1 x PBS 3 x 5 min 

    
          8. Secondary antibody incubation: 

                 
   

Aspirate slide 
       

   
Add 50 ul of combined secondary antibody solution per section 

     
Alexa 488 goat anti-rabbit IgG = 1:200 

 
     

Alexa 594 goat anti-mouse IgG = 1:200 
 

    
add 15 ul of each to 3 ml CAS Block        

    
spin for 10 min at 10,000 x g to remove any aggregates   

  
   

Place a fresh plastic coverslip on slide 
   

  
   

Incubate RT in DARK for 60 min 
     

   
Get prolong gold antifade mounting medium out of freezer 

 
          9. Wash in 1x PBS and DiH2O: 

                      1 x PBS 3 x 2 min RT, in DARK, on 
rocker platform 

  
   

DiH2O brief rinse (dip slide in water) 
  

          10. Counter stain and coverslip: 
                 

   
Aspirate slide 

       
   

Add 1-3 drops of Prolong Gold antifade reagent with DAPI 
   

   
Coverslip 

       
   

Store flat, in Dark, allow slides to cure 24 h before viewing 
 

          SOLUTIONS 
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          10 x Citrate Buffer, pH 6.0 (0.1 M = 100 mM = 10x)     
   14. 7 g Sodium citrate tribasic dihydrate (Na3C6H5O7*2H2O; FW = 294.1) 
   Volume to 500 ml with dd H20 

   
  

   pH to 6.0 with HCl 
   

  
   

       
  

   use at 1x stength          
 

          
          10 x PBS, pH 7.4 (Dulbecco's PBS - Calcium and Magnesium free) 

   11.4 g Sodium phosphate dibasic (Na2HPO4; FW = 141.960)   
   2 g Potassium phosphate monobasic (KH2PO4; FW = 136.10)   
   80 g Sodium chloride (NaCl; FW = 58.84) 

  
  

   2 g Potassium chloride (KCl; FW = 74.55) 
  

  
 

  
Volume 
to 1 L  

    
  

 
  

pH to 
7.4 

     
  

   
       

  
   use at 1x strength 

   
  

 
  

** if using sodium phosphate dibasic heptahydrate use 21.6 g instead of 11.4 g to 
make 10x PBS 
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C.2. Immunohistochemical detection of Aromatase: labeling by fluorescence detection 
Modified from A. V. Capuco 

(Human Aromatase rabbit polyclonal antibody purchased from Biovision, Cat# 3599-100) 
                    

          DAY 1:  
        1. Deparaffinize and hydrate: 

                     
 

Xylene 3 x 5 min RT 
       

  
100% EtOH 2 x 3 min RT 

       
  

95% EtOH 2 x 3 min RT 
     

   
70% EtOH 1 x 3 min RT 

       
  

Di H2O 2 x 2 min  RT 
   

          2. Microwave Antigen Retrieval: 
     

 
Need: glass jar, slider carrier, 500 ml 10 mM citrate buffer 

            
 

  
  

Microwave on high for 5 min (boils at 3:30 min) 
  

 
  

  
Sit untouched for 5 min 

    
 

  
  

Microwave on high for 5 min (boils at 30 sec) 
    ALTERNATIVE: Boil continuously on a hotplate (highest setting) for 15 min 

   
   

Sit untouched for 30 min  
    

          3. Wash with  1x PBS: 
                     

 
1x PBS 3 x 2 min RT 

   
          4. Aspirate PBS with vacuum before blocking; one slide at a time 

            5. Block with CAS Block: 
                 

   
1-2 drops CAS block per section 

     
   

put plastic coverslip on when done  
     

   
incubate RT for 30 min; time from first slide 

  
          6. Primary antibody incubation: 

                 
   

Aspirate slide (don't wash)  
      

   
Add 50 ul of  primary antibody per section 

  
     

rabbit anti-Aromatase = 1:40 dilution 
 

    
add 50 ul of anti-Aromatase to a total of 3000 ul CAS Block 

  
   

Add coverslip, ok to re-use from blocking step 
    

   
Incubate overnight at 4 C  
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DAY 2:  

        7. Wash in 1x 
PBS: 

                      
 

1 x PBS 3 x 5 min 
    

          8. Secondary antibody incubation: 
                 

   
Aspirate slide 

       
   

Add 50 ul of secondary antibody per section 
  

     
Alexa 488 goat anti-rabbit IgG = 1:200 

 
    

add 15 ul to 3 ml CAS Block        

    
spin for 10 min at 10,000 x g to remove any aggregates   

  
   

Place a fresh plastic coverslip on slide 
     

   
Incubate RT in DARK for 60 min 

     
   

Get prolong gold antifade mounting medium out of freezer 
 

          9. Wash in 1x PBS and DiH2O: 
               

      
 

1 x PBS 3 x 2 min 
RT, in DARK, on rocker 
platform 

  
   

DiH2O brief rinse (dip slide in water) 
  

          10. Counter stain and coverslip: 
                 

   
Aspirate slide 

       
   

Add 1-3 drops of Prolong Gold antifade reagent with DAPI 
   

   
Coverslip 

       
   

Store flat, in Dark, allow slides to cure 24 h before viewing 
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APPENDIX D: ANOVA TABLES 

 
TABLE D.1. ANOVA FOR PAR ∆CT FROM BST AND SAL TREATED HEIFERS. Data presented as LSM ± SE and P values. 
 

    Treatment  
 

   Sal bST  
 Treatment Harvest Group Harvest Group P value 

 Sal bST E L E L E L Trt Group Trt*Group 

Ecad 0.32 ± 0.4 0.80 ± 0.4 0.70 ± 0.4 0.41 ± 0.4 0.83 ± 0.6 -0.19 ± 0.5 0.58 ± 0.6 1.01 ± 0.5 0.43 0.62 0.23 

 
HSP -1.79 ± 0.3 1.48 ± 0.3 -1.51 ± 0.3 -1.76 ± 0.3 -1.54 ± 0.5 -2.03 ±0.4 -1.48 ± 0.5 -1.48 ± 0.4 0.50 0.59 0.58 

 
Rac -0.93 ± 0.3 -0.41 ± 0.3 -0.60 ± 0.3 -0.75 ± 0.3 -0.71 ± 0.5 -1.15 ± 0.4 -0.47 ± 0.5 -0.34 ± 0.4 0.27 0.74 0.54 

 
Βcat -1.04 ± 0.4 -0.52 ± 0.4 -0.65 ± 0.4 -0.90 ±0.3 -0.72 ± 0.5 -1.35 ± 0.5 -0.59 ± 0.5 -0.45 ± 0.5 0.32 0.64 0.46 

 
ALD 0.45 ± 0.3 1.07 ± 0.3 0.98 ± 0.4 0.53 ± 0.3 0.75 ± 0.5 0.15 ± 0.5 1.21 ± 0.5 0.92 ± 0.5 0.23 0.37 0.77 

 
DSI 0.35 ± 0.3 0.95 ± 0.3 0.41 ± 0.4 0.89 ± 0.3 0.31 ± 0.5 0.39 ± 0.4 0.51 ±0.5 1.39 ± 0.4 0.23 0.33 0.42 

 
Epi 2.79 ± 0.3 3.10 ± 0.3 3.00 ± 0.3 2.90 ± 0.3 3.04 ± 0.4 2.53 ± 0.4 2.94 ± 0.4 3.26 ± 0.4 0.47 0.82 0.34 

 
Tran 5.64 ± 0.3 6.20 ± 0.3 5. 27 ± 0.3 6.56 ± 0.3 5.20 ± 0.5 6.08 ± 0.4 5.35 ± 0.5 7.05 ± 0.4 0.24 0.01 0.38 

 
Syn 0.81 ± 0.3 1.08 ± 0.3 1.00 ± 0.4 0.89 ± 0.3 1.06 ± 0.5 0.56 ±0.5 0.93 ± 0.5 1.23 ± 0.5 0.59 0.83 0.42 

 
Fas 1.49 ±0.4 1.88 ± 0.4 2.04 ± 0.4 1.33 ± 0.4 1.92 ± 0.6 1.05 ± 0.5 2.16 ± 0.6 1.60 ± 0.5 0.50 0.23 0.80 

 
Col -4.52 ± 0.2 -3.92 ± 0.2 -4.34 ± 0.3 4.11 ± 0.2 -4.49 ± 0.4 -4.55 ± 0.3 -4.18 ± 0.4 -3.66 ± 0.3 0.11 0.51 0.42 
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FN -2.54 ± 0.3 -1.72 ± 0.3 -2.35 ± 0.3 -1.91 ± 0.2 -2.78 ± 0.4 -2.30 ± 0.3 -1.92 ± 0.4 -1.52 ± 0.3 0.04 0.25 0.92 

 
LM 1.43 ± 0.4 2.28 ± 0.4 1.97 ± 0.4 1.74 ± 0.3 1.61 ± 0.5 1.26 ± 0.5 2.33 ± 0.5 2.23 ± 0.5 0.13 0.67 0.81 

ABC3 3.92 ± 0.4 4.99 ± 0.4 4.19 ± 0.4 4.72 ± 0.3 3.90 ± 0.5 3.95 ± 0.5 4.49 ± 0.5 5.49 ± 0.5 0.05 0.32 0.37 

GHR 0.96 ± 0.2 1.50 ± 0.2 0.94 ± 0.2 1.52 ± 0.2 0.71 ± 0.3 1.21 ± 0.2 1.17 ± 0.3 1.82 ± 0.2 0.05 0.04 0.78 

PCNA 2.18 ± 0.2 2.80 ± 0.2 2.17 ± 0.2 2.82 ± 0.2 2.01 ± 0.3 2.34 ± 0.3 2.32 ± 0.3 3.29 ± 0.3 0.07 0.07 0.34 

Arom 36.48 ± 1.0 36.00 ± 1.0 37.53 ± 1.1 35.00 ± 0.9 36.80 ± 1.6 36.16 ± 1.2 38.25 ± 1.4 38.76 ± 1.3 0.74 0.09 0.20 
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Table D.2. ANOVA for MFP ∆Ct from bST and Sal treated heifers. Data presented as LSM ± SE and P values.  
 

     Treatment  
     Sal bST  
 Treatment Harvest Group Harvest Group P value 

 Sal bST E L E L E L Trt Group Trt*Group 

Ecad 5.80 ± 1.0 4.80 ± 1.0 5.12 ± 1.1 5.57 ± 1.0 6.96 ± 1.5 4.82 ± 1.4 3.28 ± 1.5 6.32 ± 1.4 0.46 0.76 0.10 

 
HSP -1.69 ± 0.7 -0.66 ± 0.7 -0.45 ± 0.7 -1.90 ± 0.6 -0.77 ± 1.0 -2.61 ± 1.0 -0.13 ± 1.0 -1.18 ± 1.0 0.30 0.16 0.69 

 
Rac -1.27 ± 0.4 -0.95 ± 0.4 -0.83 ± 0.4 -1.39 ± 0.4 -0.39 ± 0.6 -2.15 ± 0.6 -1.28 ± 0.6 -0.63 ± 0.6 0.60 0.36 0.06 

 
Βcat -0.02 ± 0.7 0.34 ± 0.7 0.05 ± 0.7 0.26 ± 0.6 0.66 ± 1.0 -0.71 ± 0.9 -0.56 ± 1.0 1.23 ± 0.9 0.71 0.83 0.12 

 
ALD -0.73 ± 0.4 -1.04 ± 0.4 -0.84 ± 0.5 -0.93 ± 0.4 -0.01 ± 0.6 -1.45 ± 0.6 -1.66 ± 0.7 -0.41 ± 0.6 0.64 0.88 0.05 

 
DSI 1.43 ± 0.5 0.41 ± 0.5 0.87 ± 0.5 0.97 ± 0.4 2.31 ± 0.7 0.55 ± 0.6 -0.57 ± 0.7 1.39 ± 0.6 0.14 0.88 0.01 

 
Epi 2.66 ± 0.6 2.92 ± 0.6 2.48 ± 0.6 3.11 ± 0.5 2.74 ± 0.8 2.58 ± 0.7 2.21 ± 0.8 3.63 ± 0.7 0.74 0.43 0.33 

 
Tran 4,72 ± 0.7 5.60 ± 0.7 5.31 ± 0.8 5.00 ± 0.6 4.66 ± 1.2 4.77 ± 1.0 5.96 ± 1.2 5.23 ± 1.0 0.42 0.78 0.70 

 
Syn 3.94 ± 0.5 3.62 ± 0.5 4.01 ± 0.5 3.54 ± 0.5 5.29 ± 0.7 2.59 ± 0.6 2.74 ± 0.7 4.49 ± 0.6 0.64 0.49 0.01 

 
Fas 1.27 ± 0.4 0.65 ± 0.4 1.02 ± 0.5 0.90 ± 0.4 2.20 ± 0.7 0.35 ± 0.6 -0.16 ± 0.7 1.45 ± 0.6 0.34 0.85 0.02 

 
Col -4.85 ± 0.8 -4.04 ± 0.8 -4.77 ± 0.8 -4.12 ± 0.7 -4.22 ± 1.2 -5.49 ± 1.0 -5.33 ± 1.2 -2.75 ± 1.0 0.47 0.56 0.10 

 
FN -2.07 ± 0.5 -1.58 ± 0.5 -1.64 ± 0.5 -2.02 ± 0.5 -1.96 ± 0.7 -2.19 ± 0.7 -1.32 ± 0.7 -1.85 ± 0.7 0.50 0.60 0.84 
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LM 0.79 ± 0.7 0.33 ± 0.7 0.57 ± 0.7 0.55 ± 0.7 1.37 ± 1.0 0.21 ± 1.0 -0.23 ± 1.0 0.89 ± 1.0 0.65 0.98 0.27 

 
PCNA 3.42 ± 0.2 2.99 ± 0.2 2.87 ± 0.2 3.54 ± 0.2 2.88 ± 0.3 3.96 ± 0.3 2.86 ± 0.3 3.12 ± 0.3 0.20 0.06 0.22 

Arom 37.08  ± 0.9 36.09 ± 1.0 37.79 ± 1.0 35.39 ± 0.8 36.26 ± 1.4 37.91 ± 1.1 39.32 ± 1.4 32.87 ± 1.2 0.47 1.0 0.01 

ABC3 5.17 ± 0.3 5.23 ± 0.3 5.05 ± 0.3 5.35 ± 0.3 4.94 ± 0.5 5.41 ± 0.5 5.16 ± 0.5 5.29 ± 0.5 0.92 0.53 0.73 
 

GHR -0.20 ± 0.3 -0.44 ± 0.3 -0.36 ± 0.3 -0.28 ± 0.3 -0.27 ± 0.4 -0.12 ± 0.4 -0.44 ± 0.4 -0.45 ± 0.4 0.55 0.86 0.84 
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D.3. ANOVA for PAR ∆Ct for INT and OVX heifers. Data presented as LSM and P values.  

      Treatment  
      INT OVX  
 Treatment Age at Surgery Age at Surgery P value 

 INT OVX 2 mo 3 mo 4 mo 2 mo 3 mo 4 mo 2 mo 3 mo 4 mo Trt Age Trt*Age 

 
Ecad 

1.07 ± 
0.6 

0.40 ± 
0.7 

1.06 ± 
0.8 

1.29 ± 
0.7 

-0.17 ± 
0.7 

2.33 ± 
1.0 

0.70 ± 
1.0 

0.19 ± 
1.0 

-0.16 ± 
1.4 

1.88 ± 
1.1 

-0.53 ± 
1.1 0.46 0.36 0.29 

 
HSP 

-2.12 ± 
0.1 

-1.71 ± 
0.2 

-1.84 ± 
0.2 

-1.89 ± 
0.2 

-2.02 ± 
0.2 

-1.91 ± 
0.2 

-2.19 ± 
0.2 

-2.25 ± 
0.2 

-1.77 ± 
0.3 

-1.59 ± 
0.2 

-1.78 ± 
0.2 0.06 0.74 0.64 

 
Rac 

-0.90 ± 
0.2 

-09.94 ± 
0.2 

-0.14 ± 
0.3 

-0.67 ± 
0.2 

-0.95 ± 
0.2 

-1.20 ± 
0.3 

-0.79 ± 
0.3 

-0.72 ± 
0.3 

-1.08 ± 
0.4 

-0.56 ± 
0.3 

-1.19 ± 
0.3 0.89 0.40 0.53 

 
Βcat 

-1.54 ± 
0.1 

-1.74 ± 
0.1 

-1.88 ± 
0.2 

-1.36 ± 
0.2 

-1.67 ± 
0.2 

-1.67 ± 
0.2 

-1.41 ± 
0.2 

-1.52 ± 
0.2 

-2.09 ± 
0.3 

-1.30 ± 
0.2 

-1.82 ± 
0.2 0.31 0.11 0.49 

 
ALD 

0.09 ± 
0.2 

0.42 ± 
0.2 

-0.01 ± 
0.3 

0.44 ± 
0.3 

0.33 ± 
0.3 

-0.03 ± 
0.3 

0.55 ± 
0.3 

-0.26 ± 
0.3 

0.02 ± 
0.5 

0.33 ± 
0.4 

0.92 ± 
0.4 0.31 0.52 0.17 

 
DSI 

0.69 ± 
0.2 

0.92 ± 
0.2 

0.57 ± 
0.3 

0.97 ± 
0.2 

0.87 ± 
0.2 

0.45 ± 
0.3 

0.84 ± 
0.3 

0.78 ± 
0.3 

0.69 ± 
0.4 

1.11 ± 
0.4 

0.97 ± 
0.4 0.43 0.52 0.99 

 
Epi 

2.42 ± 
0.1 

2.09 ± 
0.1 

2.59 ± 
0.1 

2.58 ± 
0.1 

2.81 ± 
0.1 

2.23 ± 
0.2 

2.57 ± 
0.2 

2.45 ± 
0.2 

2.95 ± 
0.2 

2.59 ± 
0.2 

3.17 ± 
0.2 0.01 0.39 0.12 

 
Tran 

5.78 ± 
0.4 

7.45 ± 
0.6 

6.53 ± 
0.7 

6.31 ± 
0.6 7.0 ± 0.6 5.12 ± 

0.8 
6.63 ± 

0.8 
5.58 ± 

0.8 
7.93 ± 

1.2 
6.00 ± 

0.9 
8.42 ± 

0.9 0.04 0.74 0.12 

 
Syn 

2.40 ± 
0.4 

2.55 ± 
0.5 

2.38 ± 
0.7 

2.89 ± 
0.6 

2.15 ± 
0.6 

2.27 ± 
0.8 

2.61 ± 
0.8 

2.32 ± 
0.8 

2.48 ± 
1.1 

3.18 ± 
0.9 

1.98 ± 
0.9 0.83 0.66 0.86 

 
Fas 

0.59 ± 
0.1 

0.76 ± 
0.2 

0.79 ± 
0.2 

0.81 ± 
0.2 

0.42 ± 
0.2 

0.67 ± 
0.2 

0.74 ± 
0.2 

0.35 ± 
0.2 

0.91 ± 
0.3 

0.88 ± 
0.2 

0.49 ± 
0.2 0.39 0.20 0.97 

 
Col 

-3.65  ± 
0.4 

-3.83  ± 
0.5 

-4.64  ± 
0.6 

-3.33  ± 
0.5 

-3.24  ± 
0.5 

-4.18 ± 
0.7 

-3.23  ± 
0.7 

-3.54  ± 
0.7 

-5.10  ± 
1.0 

-3.43  ± 
0.8 

-2.95  ± 
0.8 0.79 0.19 0.65 

 
FN 

-1.77  ± 
0.3 

-0.47  ± 
0.4 

-1.92  ± 
0.5 

-1.24 ± 
0.4 

-0.19  ± 
0.4 

-2.69  ± 
0.6 

-1.40  ± 
0.6 

-1.21  ± 
0.6 

-1.14  ± 
0.8 

-1.09  ± 
0.7 

0.83  ± 
0.7 0.03 0.06 0.38 
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LM 

1.32 ± 
0.2 

0.86 ± 
0.3 

0.84 ± 
0.4 

1.16 ± 
0.3 

1.26 ± 
0.3 

0.78 ± 
0.4 

1.60 ± 
0.4 

1.57 ± 
0.4 

0.91 ± 
0.6 

0.71 ± 
0.5 

0.95 ± 
0.5 0.26 0.69 0.57 

 
PCNA 

0.26 ± 
0.2 

0.87 ± 
0.2 

0.44 ± 
0.2 

0.69 ± 
0.2 

0.56 ± 
0.2 

0.16 ± 
0.2 

0.32 ± 
0.2 

0.29 ± 
0.2 

0.73 ± 
0.3 

1.06 ± 
0.3 

0.83 ± 
0.3 0.01 0.67 0.92 

Arom 35.70   ± 
0.5 

35.75   ± 
0.7 

35.39   ± 
0.6 

36.72   ± 
0.9 

35.07   ± 
0.6 

35.19  ± 
0.8 

36.40   ± 
0.8 

35.51   ± 
0.9 

35.58   ± 
0.9 

37.04   ± 
1.6 

34.63   ± 
0.8 0.95 0.33 0.70 
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Table D.4. ANOVA for MFP ∆Ct for INT and OVX heifers. Data presented as LSM and P values.  

      Treatment  
 

     INT OVX  
 

Treatment Age at Surgery Age at Surgery P value 

 INT OVX 2 mo 3 mo 4 mo 2 mo 3 mo 4 mo 2 mo 3 mo 4 mo Trt Age Trt*Age 

 
Ecad 

5.50 ± 
0.5 

5.12 ± 
0.7 

4.99 ± 
0.8 

5.45 ± 
0.7 

5.57 ± 
0.2 

5.24 ± 
0.9 

5.50 ± 
0.9 

5.76 ± 
0.9 

4.72 ± 
1.3 

5.40 ± 
1.1 

5.38 ± 
1.1 0.71 0.86 0.98 

 
HSP 

-1.80  ± 
0.1 

-1.65  ± 
0.1 

-1.69  ± 
0.1 

-1.87  ± 
0.1 

-1.61  ± 
0.1 

-1.86 ± 
0.1 

-2.04  ± 
0.1 

-1.50  ± 
0.1 

-1.51  ± 
0.2 

-1.70  ± 
0.2 

-1.72  ± 
0.2 0.22 0.21 0.12 

 
Rac 

-1.25  ± 
0.1 

-1.54  ± 
0.1 

-1.58  ± 
0.1 

-1.32  ± 
0.1 

-1.28  ± 
0.1 

-1.38  ± 
0.1 

-1.20  ± 
0.1 

-1.18  ± 
0.1 

-1.77  ± 
0.2 

-1.45  ± 
0.1 

-1.39  ± 
0.1 0.02 0.10 0.79 

 
Βcat 

-1.44  ± 
0.3 

-1.48  ± 
0.2 

-1.61  ± 
0.2 

-1.57  ± 
0.2  

-1.20  ± 
0.2 

-1.78  ± 
0.2 

-1.63  ± 
0.2 

-0.90  ± 
0.2 

-1.43  ± 
0.3 

-1.50  ± 
0.3 

-1.51  ± 
0.3 0.85 0.28 0.20 

 
ALD 

-0.42   ± 
0.2 

-0.60   ± 
0.2 

-0.99   ± 
0.3 

-0.06   ± 
0.2 

-0.48   ± 
0.2 

-0.81  ± 
0.3 

-0.08  ± 
0.3 

-0.37  ± 
0.3 

-1.17  ± 
0.4 

-0.04  ± 
0.3 

-0.58  ± 
0.3 0.52 0.05 0.84 

 
DSI 

0.43  ± 
0.1 

0.60  ± 
0.1 

0.36  ± 
0.2 

0.59  ± 
0.1 

0.60  ± 
0.1 

0.19   ± 
0.2 

0.37  ± 
0.2 

0.74  ± 
0.2 

0.53  ± 
0.3 

0.81  ± 
0.2 

0.45  ± 
0.2 0.35 0.48 0.18 

 
Epi 

2.46  ± 
0.1 

2.67  ± 
0.1 

2.37  ± 
0.1 

2.57  ± 
0.1 

2.76  ± 
0.1 

2.29  ± 
0.1 

2.34  ± 
0.1 

2.76  ± 
0.1 

2.46  ± 
0.1 

2.80  ± 
0.1 

2.76  ± 
0.1 0.04 0.02 0.15 

 
Tran 

5.21 ± 
0.2 

5.56 ± 
0.3 

5.01 ± 
0.4 

6.24 ± 
0.3 

4.94 ± 
0.3 

5.19 ± 
0.4 

5.31 ± 
0.4 

5.10 ± 
0.4 

4.83 ± 
0.6 

7.15 ± 
0.5 

4.78 ± 
0.5 0.33 0.02 0.05 

 
Syn 

4.01  ± 
0.4 

4.11  ± 
0.5 

3.57  ± 
0.7 

4.05  ± 
0.6 

4.56  ± 
0.6 

3.23  ± 
0.8 

3.23  ± 
0.8 

5.56  ± 
0.8 

3.91  ± 
1.1 

4.86  ± 
0.9 

3.56  ± 
0.9 0.89 0.54 0.11 

 
Fas 

1.09  ± 
0.1 

0.93  ± 
0.1 

0.88  ± 
0.1 

1.02  ± 
0.1 

1.13  ± 
0.1 

0.85  ± 
0.1 

1.08  ± 
0.1 

1.34  ± 
0.1 

0.91  ± 
0.1 

0.97  ± 
0.1 

0.93  ± 
0.1 0.12 0.14 0.15 

 
Col 

-6.06  ± 
0.2 

-5.87  ± 
0.2 

-6.26  ± 
0.3 

-5.90  ± 
0.2 

-5.75  ± 
0.2 

-6.17  ± 
0.3 

-6.40  ± 
0.3 

-5.62  ± 
0.3 

6.34  ± 
0.4 

-5.40  ± 
0.4 

-5.88  ± 
0.4 0.53 0.38 0.16 

 
FN 

-2.18  ± 
0.2 

-2.28  ± 
0.3 

-2.56  ± 
0.4 

-2.44  ± 
0.3 

-1.68  ± 
0.3 

-2.47  ± 
0.4 

-2.30  ± 
0.4 

-1.77  ± 
0.4 

-2.65  ± 
0.6 

-2.58  ± 
0.5 

-1.60  ± 
0.5 0.81 0.16 0.88 
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LM 

-0.12  ± 
0.1 

-0.57  ± 
0.1 

-0.60  ± 
0.2 

-0.29  ± 
0.2 

-0.35  ± 
0.2 

-0.30  ± 
0.2 

-0.28  ± 
0.2 

-0.19  ± 
0.2 

-0.90  ± 
0.3 

-0.30  ± 
0.2 

-0.50  ± 
0.2 0.12 0.41 0.49 

 
PCNA 

1.21  ± 
0.2 

1.62  ± 
0.3 

0.95  ± 
0.4 

1.28  ± 
0.3 

2.01  ± 
0.3 

0.68  ± 
0.4 

1.23  ± 
0.4 

1.70  ± 
0.4 

1.22  ± 
0.6 

1.33  ± 
0.5 

2.31  ± 
0.5 0.31 0.11 0.84 

Arom 36.81  ± 
0.7 

37.60  ± 
0.7 

37.50  ± 
0.9 

37.17  ± 
0.8 

36.93  ± 
0.9 

36.27 ± 
1.2 

37.30  ± 
1.1 

36.87  ± 
1.4 

38.74  ± 
1.4 

37.05  ± 
1.2 

37.00  ± 
1.2 0.46 0.91 0.53 
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APPENDIX E: ADDITIONAL FLUORESCENTLY LABELED AROMATASE 

HISTOLOGY PICTURES  

 
E.1. Additional bST/Sal Arom Fluorescent Photographs. Representative photographs of 
fluorescently labeled mammary MFP tissue from bST and SAL treated animals.  
 

 

 

A- Negative control, Sal-treated heifer 
B- Positively labeled Sal-treated heifer 
C- Negative control, bST-treated heifer 
D- positively labeled bST-treated heifer 

 

 

 

B A 

D C 
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E.2. Additional OVX/INT Arom Fluorescent Photographs Representative photographs of 
fluorescently labeled mammary MFP tissue from OVX and INT heifers. 
 

  

  
A- Negative control, INT heifer 
B- Positively labeled INT heifer 
C- Negative control, OVX heifer 
D- Positively labeled OVX heifer 

 

  

B A 

C D 
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E3. Arom Positive PAR . Representative photographs of positively labeled mammary PAR 

.  

A- Arom (green)/DAPI (blue) fluorescent dual-labeled mammary  
B- Positive bright field mammary PAR staining 

 

  

A B 



151 
 

APPENDIX F: ADDITIONAL AROMATASE EVALUATIONS 

F.1. Aromatase Enzyme Activity Assay: Tritiated-Water Release Assay  
Modified from Odum and Ashby, 2002* 

 
In an effort to quantify Arom activity in bovine mammary gland, initial attempts were made to 
employ an enzyme assay that measured the amount of tritiated water released in the enzymatic 
conversion of H3-labeled androdiosteine. However, we determined that the activity in the 
mammary gland of the animals used in our experiments were too low to be detected above 
background. We were able to confirm that the assay was working by using ovaries of both 
animals from our studies as well as ovaries from culled pregnant cows.  
  

A. Microsome Extraction 
1. Frozen tissue is placed on ice and weighed 
2. Cut frozen, weighed tissue into fragments and place in 15 ml polypropylene tubes 
3. Add 10 ml of ice cold SET buffer per 1 g of tissue 
4. Homogenize tissue on ices in 5 s pulses, resting 10 s between pulses 
5. Centrifuge capped tubes at 15, 000 X g for 10 m at 40F 
6. Transfer supernatant to ultracentrifuge polystyrene tubes and weigh each tube precisely 

to balance centrifuge. Balance with buffer. 
7. Spin at 1000, 000 X g for 60 m to obtain microsome pellet. 
8. Decant and discard supernantant. 
9. Resuspend pellet in chilled SET buffer (1 ml/original gram of tissue). 
10. Determine protein concentration. 

 

B. Tritiated Water Release Method to measure Aromatase Activity 
1. Set up the following NADPH generating system (60ul):  

- NADPH, 1mM. 
- 10mM glucose-6-phosphate dipotassium salt. 
- 1 U ml-1 glucose-6-phosphate dehydrogenase. 

                        Plus 40ul of microsomes (200 µg/µl).-Sample Unknown 

2. Add the substrate, 1β(3H)-androstenedione (1µM:0.1 µCi) in 0.1 M  phosphate buffer pH 
7.4( 100ul). 

3. Incubate for 30 min in a 37oC water bath. 
4. After 30 min, STOP the reaction by adding chloroform-methanol (1 ml; 2:1 by volume) 

and shake for 60 s. 
5. Remove the solvent by centrifugation leaving the supernatant to be absorbed in the 

following step. 
6.  Add a suspension of dextran coated charcoal (500 µl; 5% charcoal and 0.5% dextran T-

40 in water) to the supernatant and vortex. 
7. Let mixture stand for 1 h at 4ºC. 
8. Centrifuge at 1700 x g for 10 min. 
9. Transfer 500 µl of the resulting supernatant to vials with scintillation cocktail. 
10. *Count on liquid scintillation counter.  

C. Solutions 
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SET Buffer 
- 0.25 M Sucrose 
- 5.4 mM EDTA (f.w. 372.2) 
- 20 mM Tris-HCL 
- pH 7.4 

 

 

*Odum, J., and Ashby, J. 2002. Detection of aromatase inhibitors in vitro using rat ovary microsomes. 
Toxicology Letters 129: 119-122. 
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F.2. Bright field Arom Immunohistochenistry. Additionally, we attempted to localize Arom in 
the bovine gland using bright field staining.   
 
Aromatase Immunohistochemistry Staining: Bright Field 

A De-paraffinization and hydration steps   
1. Xylene  5 min 

 2. Xylene  5 min 
 3. 100% EtOH  1 min 
 4. 100% EtOH  1 min 
 5. 95% EtOH  2 min 
 6. 70% EtOH  2 min 
 7. Distilled water 5 min 
 
B Quenching of sections  
  

1. 3% H2O2 in PBS 10 min 
 2. PBS   2 min 
 3. PBS   2 min 
 4. PBS   2 min 
 
C Microwave antigen retrieval and blocking 

1. Place 500 ml of citrate buffer into a 1400 ml beaker 
2. Put slide carrier and slides in beaker 
3. Microwave on high for 5 min 
4. Let cool in microwave with door open for 5 min 
5. Repeat #3 
6. Cool on lab bench for 30 min 
7. Blot slides on paper towels (flick to get all buffer off) 
8. Transfer slides to a tray 
9. Circle individual sections with PAP pen 
10. Add 5% goat serum to each individual section; let sit for 30 min 

 

D  Primary antibody incubation 

1. Remove the 5% goat serum by vigorously flicking the slides  
2. Lightly blot slides with Kim Wipes to remove remaining liquid 
3. Circle individual sections with PAP pen  
4. Add primary antibody to individual sections in the amounts listed below: 

a. Polyclonal rabbit ant-Aromatase; prediluted (Biovision, Cat# 3599-100)  
• 25 ul (2-3 drops) 

b. Negative control (1% goat serum)    
• 25 ul 

5. Place slides in a humidifying chamber (wet paper towel in bottom of a tupperware 
container) at 4 °C overnight  
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E Secondary antibody incubation and detection 

1. Remove primary antibodies by flicking each slide multiple times 
2. Add 2-3 drops of PBS onto each section; let stand for 5 min; flick to remove 
3. Add 2-3 drops of biotinylated secondary antibody (Reagent 1B of Histostain Kit) to 

each section 
4. Place slides back in humidifying chamber for 30 min at 4 °C 
5. Remove secondary antibody by flicking the slide multiple times 
6. Add 2-3 drops of PBS onto each section; let stand for 2 min; flick to remove 
7. Repeat # 6 two more times 
8. Add 2-3 drops of streptavidin-peroxidase (Reagent 2 of Histostain Kit) to each 

section; let incubate for 10 min 
9. Wash with PBS for 5 min; repeat this step 2 more times 
10. Add 2-3 drops of diaminobenzidine solution (Liquid DAB substrate kit) to each 

section on the slide; let incubate for 5 min (wash briefly with PBS) 
11. Counterstain with 2-3 drops of Gill’s formulation #2 hematoxylin for 30 sec 
12. Wash slide with water bottle briefly 

 

F Dehydration and coverslipping  

 1. Distilled water  5 min 
 2. 70% EtOH  1 min 
 3. 95% EtOH  1 min 
 4. 100% EtOH 1 min 
 5. Xylene  5 min 
 6. Xylene  5 min 
 7. Apply 2-3 drops of permount and coverslip 
 8. Allow to dry overnight on a tray 
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Reagents used in above procedures 
 
10x PBS (phosphate buffered saline) 
 A. 21.4 g Na2HPO4 
 B. 5.76 g NaH2PO4  
 C. 87.8 g NaCl 
 D. Adjust volume to IL with distilled water and pH to 7.4 
 
1x PBS (referred to as PBS throughout protocol) 

A. 100 ml 10x PBS 
B. 900 ml distilled water 

 
10 Mm citrate buffer 

A. 2.1 g citric acid 
B. Adjust volume to 1L with distilled water and pH to 6.0 with 2 M NaOH 

 
5% Goat serum 
 A. 5 ml goat serum 
 B. 95 ml PBS 
 
1% Goat serum 
 A. 1 ml goat serum 
 B. 99 ml PBS 
 
Diaminobenzidine (DAB) Solution (for 10 slides) 
 A. 2 drops Reagent A of DAB kit 
 B. 2 ml of distilled water (mix after adding) 
 C. 2 drops Reagent B of DAB kit 
 D. 2 drops Reagent C of DAB kit (mix after adding) 
 
3% H2O2 in PBS (for 10 slides) 
 A. 90 ml PBS  
 B. 10 ml 30% w/w H2O2 
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The resulting staining pattern was difficult to quantify, therefore the decision was made to use 
fluorescent labeling. Fluorescent labeling of Arom should similar patterns to that of bright field 
staining.  
 

 

 

A- Positive bright field mammary MFP staining 
B- Negative control, mammary MFP 
C- Positive Arom (green)/DAPI (blue) dual labeled mammary MFP 
D-  Negative Arom/Positive DAPI stained mammary MFP 

 

D C 

B A 
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