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ABSTRACT 
 

Previous research indicates the presence of a feedback inhibitor of 

lactation (FIL) in milk (Peaker and Wilde, 1996).  Recently, tryptophan 

hydroxylase I (TPH1), the rate-limiting enzyme in serotonin (5-HT) biosynthesis, 

was identified in the mouse mammary gland and to be regulated by prolactin 

(PRL).  Furthermore, 5-HT was present in rodent milk and addition of 5-HT to in 

vitro mammary cultures and in vivo administration of 5-HT to lactating mice 

reduced milk protein synthesis.  Studies were conducted to determine the 

presence of the enzymatic machinery necessary to produce 5-HT in the bovine 

mammary gland, the presence of specific 5-HT receptors within the bovine 

mammary gland, the effects of 5-HT and non-selective and selective receptor 

antagonists on milk protein gene expression in cultures of primary bovine 

mammary epithelial cells (BMEC), and to determine the effects of intra-mammary 

infusions of 5-HT and a non-selective 5-HT receptor antagonist on milk 

production and composition in lactating dairy cows.  Tryptophan hydroxylase I, 

aromatic amino acid decarboxylase (AADC) and the 5-HT reuptake transporter 

(SERT) were detected in lactating bovine mammary tissue by qRT-PCR and 

immunohistochemical staining.  Additionally, mRNA for the 5-HT 1B, 2A, 2B, 4 

and 7 receptors were detected in bovine mammary tissue as well as BMEC by 

qRT-PCR and in situ hybridization.  Tryptophan hydroxylase I mRNA is in BMEC 
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and up-regulated by PRL.  Serotonin down-regulates milk protein gene 

expression but has not apparent effects on apoptosis and methysergide, 

ritanserin, SB-224289, and pimozide (receptor antagonists) increased milk 

protein gene expression in BMEC. Intra-mammary 5-HT infusions decreased 

overall milk yield in late-lactating dairy cows by 11.1%.  Intra-mammary infusions 

of METH increased overall milk yield by 10.9%. In conclusion, the enzymatic 

machinery for 5-HT biosynthesis and uptake, as well as receptors involved 5-HT 

signaling are present in the bovine mammary gland.  Furthermore, 5-HT appears 

to be a FIL in the bovine, but further research regarding its cellular mechanism of 

action and the location of its receptor populations should be conducted. 
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CHAPTER 1--LITERATURE REVIEW 

INTRODUCTION 
Lactational homeostasis is defined as the process by which constant milk 

flow from the mammary gland is maintained throughout the lactation period.  If 

milk yield were perfectly maintained then there would be no lactation curve 

because milk yield would not decline as lactation progressed.  However, we 

know that milk yield declines at a constant rate, which is described as the 

lactation curve (Gaines, 1926).  However, there are differences between animals 

in the rate of this decline, which is termed “persistency”.  Some animals are more 

persistent than others and factors such as pregnancy, photoperiod, milking rate 

and use of exogenous hormones, such as somatotropin, are also known to affect 

persistency (Bar-Peled et al., 1995; Dahl et al., 2000; Capuco et al., 2003; 

Capuco et al., 2006).  Manipulation of lactational homeostasis is also termed 

galactopoiesis, or an increase in established lactation.  It is achieved by two 

mechanisms: 1) alteration in circulating hormone levels, or 2) alteration in the 

rate of milk removal (Peaker et al., 1998).  

Peak milk yield is reached early in the lactation cycle of the dairy cow and 

is followed by a decline in milk production until the time of dry-off.  This decrease 

in milk yield can be up to 50% after peak milk yield is achieved (Wilde and 

Knight, 1989).  Milk production is a function of the number of mammary secretory 

cells and the activity per cell.  The number of secretory cells is determined largely 

by the growth of the mammary gland during puberty and pregnancy (Collier et al., 
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1993; Serjsen, 1994).  The functional activity of individual mammary epithelial 

cells is controlled by the endocrine and paracrine environment, and the rate of 

milk removal during lactation (Capuco et al., 2006).  Increased milk yield during 

early lactation is attributed to increased secretory activity per cell (Capuco et al., 

2006).  Throughout the lactation of a cow, 0.3% of mammary cells proliferate 

each day and 0.56% of cells undergo apoptosis daily (Capuco et al., 2006).  

Although low proliferation rates and apoptotic rates occur during the bovine 

lactation, extensive cell turnover across the lactation is accomplished.   At the 

conclusion of the bovine lactation, the total population of secretory cells is 

approximately half of that present at the beginning of lactation (Capuco et al., 

2003).  In contrast to the bovine, the cell turnover in the rat is low and 

approximately 75% of mammary cells are maintained throughout the lactation 

(Capuco et al., 2006).   

Decreases in milk yield observed during advancing lactation are due to a 

decline in secretory cell number as well as function.  The decline in cell number 

is due to apoptotic cell death, which is a key factor in the balance of cell 

dynamics (Capuco et al., 2006).   Factors including nutrition, oxidative stress 

(which occurs due to increased generation of reactive oxygen species which 

cause DNA damage), and reproductive hormones such as estradiol (E2) and 

progesterone (P4), in addition to the frequency of milking, influence lactation 

persistency through regulation of apoptosis (Svennersten-Sjaunja and Olsson, 

2005).  Mastitis, stressors, concomitant pregnancy, and decreased milking 
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frequency may decrease lactation persistency by increasing apoptosis (Capuco 

et al., 2006).   

Mastitis is one of the most costly diseases in dairy cattle. It is estimated 

that approximately $200 per lactating cow is lost annually to mastitis (Waldner, 

2007).  The dry period, which is typically 60 d, in the bovine is a critical period 

that is necessary to obtain maximal milk yield in a subsequent lactation and is a 

time when animals are more susceptible to mastitis (Oliver and Sordillo, 1988; 

Fitzgerald et al., 2007).  Cows continuously milked through the dry period 

demonstrated a 65% decrease in milk yield in their next lactation (Fitzgerald et 

al., 2007).  In a study conducted by Funk et al., (1982), it was demonstrated that 

19.74% of all quarters had were infected with mastitis after the last milkings of a 

cow’s lactation.  During the early dry period, udder health is of particular 

importance because it is a dynamic period in which the mammary gland must 

transition from a state of active milk synthesis to an abrupt cessation of milk 

removal, engorgement of cisternal spaces, ducts and alveoli with milk 

constiuents, marked changes in mammary secretion, composition and regression 

of secretory tissue (Oliver and Sordillo, 1988).  During this time, the udder must 

break down and absorbed retained milk as well as numerous dead milk secreting 

cells, resulting in approximately 40-50% of new udder infections (Waldner, 2007). 

The prevalence of mastitis is higher during the dry period than during lactation 

due to the following reasons:  milk is no longer being removed from the gland, 

milk is an excellent growth medium for bacteria, milk stasis occurs during the first 
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few days of dry-off, leakage from teats occurs and teat-end disinfection 

procedures are stopped (Akers, 2002).  The dry period is a critical period 

because of changes in endocrine status that prepare the cow for parturition and 

successful lactation cycles.  Development of a rapid dry-off agent, such as 5-HT, 

would aid in herd health and decrease costs for treating mastitis.   

Maximal milk production within dairy herds is more profitable to dairymen 

and could potentially be achieved by using a receptor blocker for 5-HT to 

increase milk yields within herds upon parturition.  Bovine somatotropin or growth 

hormone (bGH) was one of the first biotechnological products utilized in animal 

production settings (Bauman, 1992).  Administration of exongenous recombinant 

bGH to lactating dairy animals after peak milk production (last 80% of the 

lactation cycle) results in a 10-15% increase in milk yield (Etherton and Bauman, 

1998).  Use of bGH in commercial herds leads to a higher peak milk yield as well 

as an increase in persistency, therefore extending the length of lactation 

(Etherton and Bauman, 1998).  However, the use of bGH to enhance milk 

production in lactating cows has resulted in public apprehension regarding the 

safety of milk products and potential health problems it may cause in humans 

(Ceelen, 1995).  Development of new technology for the advancement of 

agriculture or any other field of science often comes under fire by the general 

public.  In fact, it has been suggested that dairy product consumption can 

increase breast cancer risk due to the presence of hormones such as bGH in 

milk despite hypotheses, which demonstrate an inverse relationship between 



 

 

18 

dairy product consumption and breast cancer risk (Moorman and Terry, 2004).   

Others have not found this relationship (Moorman and Terry, 2004; Parodi, 

2005).  Despite demonstrating that bGH has no deleterious affects on human 

health (pasteurization of milk destroys 90% of bGH; bGH is extensively 

hydrolyzed in the small intestine; the human GH receptor does not respond to 

bGH), public perception is still negative to a certain extent (Parodi, 2005).  Public 

perception is very important for any new technologies that may emerge in order 

for them to be utilized effectively, as seen in numerous situations ranging from 

approval of recombinant bGH, homogenization of milk, pasteurization, and 

artificial insemination to name a few (Bauman, 1992).  Therefore, it is important 

to elucidate the mechanisms by which 5-HT exerts its actions in the bovine prior 

to adapting it for a commercial application. 

Serotonin was identified as one of the locally produced chemical signals 

that elicit a feedback inhibitory response during lactation (Matsuda et al., 2004). 

The functions of local feedback regulation of milk synthesis and secretion are to 

control the degree of distension within the lobuloalveolar units and to adjust milk 

secretion to the demand of the offspring.  Individual glands are regulated by local 

signals within the unit.  It was determined that 5-HT inhibited milk protein 

synthesis and caused epithelial apoptosis in mice (Matsuda et al., 2004).  

Results from preliminary studies in BMEC suggest the following model (Stiening, 

2005; Figure 1-1):  PRL up-regulates TPH-1 gene expression, although its 

actions have not been examined in a concentration dependent fashion in BMEC, 
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followed by increased 5-HT synthesis, which subsequently feeds back on BMEC 

reducing α-lactalbumin and β-casein synthesis, cell activity and decreasing milk 

volume and protein content.  However, little else is known about the role of 5-HT 

in regulating milk synthesis and/or apoptosis during established lactation. 

Mammary Gland Growth and Development 
Mammary gland development occurs in phases that are related to the 

animal’s reproductive development during fetal life, puberty, pregnancy and 

lactation.  There are five stages of mammary gland development: 1) 

embryogenesis, 2) mammogenesis, 3) lactogenesis, 4) lactation, and 5) 

involution (Neville, 1999).  The development of the gland is controlled by an 

interaction between basic endocrine hormones and factors locally produced 

within the mammary gland itself.  Basic mammary gland structures are formed 

during the fetal stage, but the mammary gland undergoes extensive postnatal 

development and morphogenesis (Neville, 1999).  

During bovine embryogenesis, the mammary band appears at 30 d.  The 

mammary band is a thickening of the ventrolateral ectoderm in the embryo 

which, and are the first indicators of the cells that result in the conventional 

mammary gland (Akers, 2002).  As cells continue to condense, the band 

becomes a streak, and then eventually a line at the 5th week of gestation.  The 

mammary line is a thin ridge of ectodermal cells, which are intimately associated 

with a layer of compacted mesenchymal cells, and eventually becomes the 

mammary crest (Akers, 2002).  As the cells continue to grow into the 
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mesenchyma, the mammary hillock forms, which is a dome-like cluster of cells 

(Akers, 2002).  At approximately 43 d of gestation, the dome-like cluster of cells 

form the 4 mammary buds in the inguinal region of the bovine embryo, and finally 

result in the 4 quarters of the bovine udder.  This stage is critical to 

embryogenesis of the mammary gland. Development of the teat from the 

mammary bud begins with rapid growth of the mesenchyma in order for the bud 

to push into the ventral surface allowing the bud to invade the mesencyhmal cells 

(Akers, 2002).  Blood vessels then begin to form, and the elongated area 

becomes the primary sprout at 80 d of gestation, which eventually give rise to the 

teat and gland cisterns (Akers, 2002).  Secondary sprouts then arise from the 

primaries leading to formation of the primary mammary ducts (Sheffield, 1988).  

Canalization of the sprouts then occurs leading to invagination of the tip of the 

teat, forming the streak canal, and the keratin lining of the streak canal.  

Additionally, a dense mesenchyme forms in the area, which gives rise to stromal 

cells that are intimately involved with the mammary ducts in the post-natal gland.  

The mesencyhma is of two types, 1) fat pad precursors, which develop posterior 

to the mammary bud, and 2) fibroblasts, which develop in close association with 

the mammary bud (Sheffield, 1988).  The mesenchyme also contains blood 

vessels and nerves in addition to adipose and fibroblastic tissue.  The pattern of 

duct growth and branching are determined by the mesenchyme (Hovey et al., 

1999).  Hormonal requirements for fetal development include insulin (INS), GH, 

thyroid hormones and glucocorticoids (GC), in addition to growth factors such as 



 

 

21 

epidermal, fibroblast, and insulin-like growth factors (EGF, FGF, IGF-I, 

respectively; Forsyth, 1991; Hovey et al., 2002).   

The last four stages of mammary development, mammogenesis, 

lactogenesis, lactation and involution are also termed the lactation cycle (Neville, 

1999).  Mammogenesis occurs in two phases, one associated with puberty and 

one with pregnancy (Neville, 1999).  At birth, the mammary gland consists of an 

immature duct system, with a stromal portion of the gland that is larger than the 

parenchymal area.  During this time, ducts elongate into the stromal tissue and 

the gland grows isometrically with the rest of the body (Tucker, 1988).  Just prior 

to puberty in the bovine, the gland begins to grow allometrically.  At puberty, E2 

and growth hormone begin to stimulate the mammary fat pad, and the mammary 

ducts begin to grow faster than the body.  Additionally, during this time PRL will 

also increase the amount of mammary parenchymal tissue (Tucker, 1988).  At 

conception, true alveoli are formed.  The ducts continue to elongate and the 

alveoli begin to replace the lipid of the fat pad, size of the fat pad, in turn, limits 

the amount of parenchymal tissue present.  Progesterone and E2 play key roles 

in alveolar and mammary duct development during this time (Tucker, 1988; 

Neville, 1999).  

Lactogenesis is a two-stage process, which occurs over the last few 

weeks of gestation and subsequently extends into the lactation period (Tucker, 

1988).   Stage I, or the period of secretory differentiation, occurs several days 

prepartum and is time when mammary epithelial cells differentiate into lactocytes 
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with the capacity to synthesize milk components and requires minimal hormonal 

requirements of PRL, GC, and IGF-I, in addition to increased E2 and decreased 

exposure to P4 (Pang and Hartmann, 2007).   Stage II lactogenesis, or the period 

of secretory activation, is initiated just prior to parturition in domestic animals and 

after parturition in humans, and allows for the initiation of copious milk secretion 

and is associated with changes in concentration of milk constiuents (Forsyth, 

1991).  The hormonal requirements have not been fully deduced, but appear to 

include GC, prostaglandins, and oxytocin in addition to increase PRL, and a 

further increase in E2 and decrease in P4 (Tucker, 1988).  During this time, 

uterine nutrient transfer to the fetus shifts to the neonatal nourishment at the 

mammary gland (Collier et al., 1984).  Blood flow increases to the mammary 

gland and there is a decrease in nutrient utilization by peripheral tissues and an 

increase in nutrient utilization by the mammary tissue for milk synthesis.  Milk 

yield is closely related to the total flow of blood through the udder (Prosser et al., 

1996).  Indicators of lactogenesis include increased synthesis of enzymes, 

metabolites, and mRNA of the components of milk, such as α-lactalbumin, 

casein, milk fat triglycerides and citrate (Tucker, 1988). During stage I, limited 

structural and functional differentiation of the lobulo-alveolar epithelium occurs 

and the gland becomes able to secrete milk during the last trimester of 

pregnancy (Akers, 2006).  Furthermore, intracellular lipid droplets form and 

increased β-casein and whey acidic protein mRNA occurs, and the gland 

becomes sufficiently differentiated to secrete small quantities of specific milk 
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components.  Progesterone is essential for alveolar proliferation during this stage 

and its withdrawal trigger stage II lactogenesis, while E2 regulates ductal 

morphogenesis (Neville et al., 2002).  During stage II, completion of cellular 

differentiation during the immediate periparturient period occurs with the onset of 

copious milk synthesis and secretion, and cell numbers continue to increase 

during early lactation (Tucker, 1988).  Furthermore, decreases in circulating P4 

levels occur, along with further increases in β-casein mRNA, closure of tight 

junctions and the movement of cytoplasmic lipid droplets and casein to the 

alveolar lumen occurs (Neville et al., 2001; Brisken and Rajaram, 2006).  

Prolactin is critical in promoting final stages of mammary epithelial cell 

differentiation during the final days of lactogenesis, in fact when it is suppressed 

during this time in the bovine, milk yield will be reduced by 45% in the 

subsequent lactation (Tucker, 1988). 

Lactation is the stage of secretory activity of mammary tissue in the post-

partum period.  Milk synthesis and secretion by the mammary gland requires a 

coordination of activities of all the physiological systems in the animal to support 

lactation as a dominant physiological process.  This coordination of the metabolic 

systems in a mammal is called homeorhesis (Bauman and Currie, 1980).  This 

stage of lactation is in effect as long as milk is continually removed from the 

gland (Neville, 1999).  Suckling stimulates lactation in two ways: 1) reduction of 

inhibitory effects due to increased intra-mammary pressure and milk 

accumulation (chemical factors) on continued secretion of milk, 2) stimulates 
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increases in secretion of hormones required for milk synthesis (Tucker, 1988).  

Prolactin likely does not affect epithelial cell numbers in the early periparturient 

period and is not involved in the maintenance of milk production during the 

lactational period (Tucker, 1988).  Plasma glucocorticoids (GC) are increased 

during lactation in the bovine (Neville et al., 2002).  Furthermore, mammary 

uptake of cortisol is two-fold greater in lactating compared to non-lactating cows 

(Tucker, 1988).  Cortisol induces differentiation of rough endoplasmic reticulum 

and Golgi apparatus of mammary tissue explants, which is essential to permit 

induction of casein synthesis by PRL (Tucker, 1988).  Prolactin and GC are 

primary stimulators of mammary cell differentiation.  Catecholamines, have a 

negative effect on milk production, as well as high levels of INS in the circulation 

(Collier et al., 1984). Additionally, E2 and P4 do not affect milk yield or mammary 

epithelial cell number during lactation in the bovine (Tucker, 1988).  Growth 

hormone is the dominant hormone for galactopoiesis, or maintenance of milk 

production, in ruminant animals and acts to increase systemic IGF-1 levels as 

well as IGF-1 mRNA in the liver (Cohick, 1998).  During advancing lactation, it is 

easier to maintain mammary cell numbers than to increase the metabolism of 

mammary cells and GH stimulates the capacity of the liver to metabolize 

propionate, a primary precursor of glucose in cattle (Collier et al., 1984).  Growth 

hormone binds its receptor on the stromal cells inducing IGF-I secretion so that it 

can in turn bind its receptor on mammary epithelial cells (Marshman and Streuli, 

2002). Finally, thyroid hormones are essential for sufficient milk production, with 
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triiodothyronine having been shown to increase milk protein synthesis in 

mammary organ cultures, and they are positively correlated with lactation 

intensity (Neville et al., 2002).  Administration of thyroxine in the dairy cow 

increases milk yield by as much as 27% (Hindery and Turner, 1965). 

In addition to hormones, numerous growth factors are involved in the 

lactation process, particularly in a mitogenic manner on mammary epithelial cells.  

Mitogenesis of mammary epithelial cells is critical to milk production because 

mammary epithelial cell numbers are major determinants of milk yield (Tucker, 

1988).  The mitogenic process in mammary epithelial cells is regulated in two 

ways: 1) through a stimulatory cAMP dependent pathway in which factors either 

indirectly increase cAMP or inhibit its degradation and 2) by a cAMP independent 

pathway in which IGF-1 and EGF synergize to promote proliferation (Shamay et 

al., 1990).    

Growth factors (i.e., IGF-1, EGF) promote entry into and progression 

through the cell cycle by regulating cyclin-CDK complexes (Forsyth, 1991).  In 

mammary epithelial cells, as well as other cells, growth factors induce cyclin 

expression and mitogen induction of D type cyclins, which is the initial event in 

promoting quiescent cells to enter the G1 phase of the cell cycle (Stull et al., 

2004).   It is IGF-1 that acts as a potent mitogen for mammary epithelial cells.  

Increase in cell number of mammary epithelial cells and/or DNA synthesis is 

positively regulated by IGF-1, which occurs directly or in combination with EGF 

(Forsyth, 1991; Collier et al., 1993).  Insulin-like growth factor binding proteins 



 

 

26 

(IGFBP) are also predominant during this time period. IGF-BP’s are IGF ligands 

known to be ubiquitous and to mediate growth, development and differentiation 

as well as apoptosis (Baumrucker and Erondu, 2000).  In the circulation, IGF-1 is 

bound to an acid labile subunit (ALS), and IGFBP-3, which is the predominant 

IGFBP and is specifically regulated by IGF-1 (Cohick, 1998).  Insulin-like growth 

factor binding protein 5 is increased after involution begins in the mammary gland 

and results in an increase in the expression of the pro-apoptotic molecules 

caspase 3 and plasmin in rodents (Sakamoto et al., 2006).  However, in the 

bovine IGFBP-5 is high during lactation and decreases during the involution 

period (Fleming et al., 2005).  It appears that in some instances species 

differences in regulation of the lactation cycle occur, as in the case of IGFBP-5.  

In the dairy animal, lactating cows are typically concurrently pregnant which 

could alter regulation of lactation. 

The EGF family of growth factors has ten members, EGF, transforming 

growth factor α (TGFα), heparin-binding EGF, amphiregulin neuroregulins, and 

several heregulins.  Receptors for EGF are present in the mammary ducts and 

surrounding stromal cells (Akers, 2006).  Epidermal growth factor exerts a direct, 

mitogenic effect on mammary epithelial cells, although it inhibits the ability of 

insulin, cortisol, and PRL to induce milk protein expression (Tucker, 1988).  The 

EGF receptor is located in the epithelial cells, consistently in myoepithelial cells, 

and also in the stroma.  Members of the EGF family are survival factors for 

mammary epithelial cells (Rosfjord and Dickson, 1999).  Epidermal growth factor 
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has been demonstrated to cause increases in cell numbers and DNA synthesis, 

particularly in synergism with INS, IGF-1 and fibroblast feeder cells (Forsyth, 

1991).  An additional growth factor family involved in the lactation cycle of the 

mammary gland is the transforming growth factor (TGF) family, which actually 

belongs to the EGF family (Purup et al., 2000).  Two variants are important in the 

lactation cycle, TGF-α, which is involved in growth promotion and important 

during lactogenesis and galactopoiesis, and TGF-β, which causes growth 

inhibition and important during involution (Rosfjord and Dickson, 1999).  A 

number of other growth factors are present in the mammary gland including, 

platelet-derived growth factor (PDGF) and FGF.  Vascular endothelial growth 

factor, a member of the PDGF family, is up-regulated during mammary gland 

involution in the mouse and is correlated with increased angiogenesis, which is 

thought to increase breast cancer metastasis (McDaniel et al. 2006).  Fibroblast 

growth factor was localized to ductal epithelium and developing alveoli in the 

bovine during mammogenesis (Sinowatz et al., 2006).  

Finally, involution is a process in which apoptosis of alveolar epithelial 

cells and tissue remodeling occurs.  Involution can be stimulated at any stage of 

lactation by halting milking (Akers, 2002).  Involution is a crucial process for a 

successful subsequent lactation in the dairy cow and is decidedly slower with 

less loss of alveolar structure compared to mice.  Dairy cattle are pregnant during 

their involution period (or dry period) resulting in the overlap of pregnancy and 

lactation.  Due to this overlap, stimuli associated with mammary gland involution 
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and milk stasis conflict and interact with mammogenic and lactogenic compounds 

that are induced during pregnancy (Akers, 1990; Capuco and Akers, 1999).  

Mammary involution occurs during the early dry period, with stromal components 

reaching a maximum by 25 days after milk stasis, at which time mammary 

epithelial cell proliferation increases (Capuco et al., 1997).  During the dry period 

of a dairy animal alveolar structure is maintained and the percent of tissue area 

occupied by the mammary gland does not change (Capuco and Akers, 1999).  

Although there is a decrease in luminal area of the mammary gland during the 

dry period, to a minimum of 9.5% at 25 d dry, the stromal area being is at a 

maximum at this time.  After 25 days dry (length of the involution period), luminal 

area increases and stromal area decreases.  Furthermore, during the first 2 d of 

the dry period a decrease in the number of mammary epithelial cells that are able 

to synthesize milk and as well as a decrease in the number of rough endoplasmic 

reticulum occurs (Capuco and Akers, 1999).  Mammary cell proliferation in the 

mother, as well as maximal mammary growth occurs during late gestation, 

particularly 8 d prior to parturition at which time, the occurrence of apoptosis was 

minimal and proliferation was maximal (Fitzgerald, 2004).  Furthermore, an 

increase in Cyclin D1 and CEBP-β mRNA expression were increased the 

prepartum period, particularly during late gestation (Annen, 2005).  These are 

two genes that are related to growth and/or proliferation.  Additionally, the anti-

apototic gene Bcl2 was also up-regulated during the pre-partum period (Annen, 
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2005). Bcl2 is thought to prevent bax (apoptotic gene) translocation to the 

mitochondria (Hengartner, 2000). 

 Due to concurrent pregnancy and advanced lactation at the time of dry-off 

in dairy cows, a rapid, but small increase in mammary epithelial cell apoptosis 

occurs, resulting in a gradual involution.  Annen (2005), found that mammary 

apoptosis in dairy cows during advanced lactation that were concurrently 

pregnant did not have a delay in mammary apoptosis, but rather not at such a 

large magnitude, as seen in rodents, ewes, goat, or non-pregnant cows.  The 

temporal pattern for apoptosis seen was increased mammary epithelial cell 

removal for the first 3.5 d of the dry period.  Involution at this time causes 

increased apoptosis, udder engorgement and distension, regression of secretory 

function of mammary epithelial cells, and decreased mammary epithelial cell 

proliferation (Collier et al., 2004).  Senescent mammary epithelial cells must be 

replaced prior to successive lactation because these cells do not secrete milk as 

efficiently or as long as young cells and old cells have decreased proliferative 

capacity (Capuco et al., 2006).  Senescent cells result in a permanent decrease 

in the number of secreting cells prematurely during lactation (Capuco and Akers, 

1999).   

A number of changes occur hormonally, compositionally, and structurally 

during mammary gland involution.  In regards to milk composition, at the time of 

involution, lactose concentration, milk fat content, and potassium (K+) decrease, 

while milk protein, immunoglobulins, somatic cell counts and Na+ increase 
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(Hurley, 1989; Oliver and Sordillo, 1989).  Within the mammary cell, acetyl CoA 

carboxylase (ACC), α-lactalbumin, β-lactoglobulin, rough endoplasmic reticulum 

and Golgi apparati decrease (Hurley, 1989).  Conversely, NAGase, α-

mannosidase, β-glucuronidase and tight junction permeability increases.  Also, 

within mammary epithelial cells, an increase in the number of vacuoles occurs 

due to a reduction in fusion of secretory vesicles with the apical membrane of 

mammary epithelial cells.  This causes accumulation of secretory vesicles and fat 

droplets within alveolar cells (Capuco and Akers, 1999).  Additionally, increased 

apoptosis and cell proliferation occurs during the first 10 days of involution 

leading to increased mammary gland turnover (Capuco et al., 2006).    

 

Feedback Inhibition of Lactation (FIL) 
 Milk production in any mammal is dependent on the number of secretory 

cells, extent of cell replacement and retention of the cell’s synthetic capacity 

(Wilde and Knight, 1989).  Tactical control of the rate of milk secretion is 

controlled locally within each mammary gland against a systemic control by 

hormones that maintain the secretory condition of the glands. The mammary 

gland is a unique exocrine gland in that it secretes continuously during lactation, 

storing its secretion in an extracellular compartment.  The presence of an 

extracellular storage space within the mammary gland allows for a local level of 

control, in addition to the control imposed by galactopoietic hormones in the 

systemic circulation (Wilde et al., 1995; Peaker et al., 1998).  Removal of milk 
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from the extracellular space of the mammary gland is the key element involved in 

regulating rate of secretion from the gland (Henderson and Peaker, 1984; 

Peaker, 1995).  This provides an opportunity for bioactive substances in milk to 

act upon mammary secretory and ductular epithelia, influencing the gland’s 

biochemical pathways (Peaker and Wilde, 1996).  Frequency and completeness 

of milk removal from the gland can impact concentrations of bioactive substances 

in milk, and therefore milk production.  In a study conducted in goats, thrice daily 

milking increased milk secretion rate by 10% over 16 h compared to animals 

milked twice daily (Henderson and Peaker, 1984).   

The mechanism by which rate of secretion is controlled within the 

mammary gland resides within each mammary gland and is chemical in nature 

(Peaker and Wilde, 1996).  This is evident because it is not the physical 

presence of stored milk, but rather the actual removal of milk from the gland that 

is important in increasing milk yield.  Henderson and Peaker (1984) found that 

when goats were milked three times daily versus two, milk secretion increased.  

It was determined that this could not be attributed to changes in gland distension 

or intra-mammary pressure because when the milk volume removed at the third 

milking was replaced with an isosmotic sucrose solution there was no decrease 

in milk secretion of the more frequently milked gland.  It was previously thought 

that one of the eight major protein fractions found in milk was FIL.   It was 

thought that the concentration of this protein was decreased following milk 

removal or that the receptor should change with the degree of distension within 
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the alveoli and that it was synthesized within the secretory epithelial cells (Peaker 

and Wilde, 1996).  The site of action of FIL is proposed to be the secretory alveoli 

(Henderson and Peaker, 1987).  The protein FIL was identified as a molecular 

weight of Mr 7,600 by gel filtration located in the whey fraction of milk, and is 

thought to be a glycoprotein with an N-terminal amino acid sequence unrelated to 

other milk proteins (Wilde et al., 1995).  Changes in milking frequency and 

completeness of milk removal alter concentrations of FIL in the milk, with FIL 

increasing during longer periods of milk stasis.  When FIL is removed, such as in 

the case of increased milking frequency, protein secretion is rapidly recovered 

(Rennison et al., 1993).   

In a study in which a milk fraction containing whey protein in the 10-30 

kDa range was injected into a mammary gland of a lactating goat resulted in a 

temporary dose-dependent decrease in milk yield (Wilde et al., 1988).  

Additionally, concentrations of Na+ and chloride (Cl-) were increased by up to 300 

and 100%, respectively, and K+ and lactose concentrations were reduced by up 

to 50 and 35%, respectively in milk fractions.  In another study conducted in 

goats, the goats were auto-immunized against FIL resulting in a reduction of the 

decline in milk yield that typically occurs in the declining phase of lactation (Wilde 

et al., 1996).  In cultures of bovine mammary explants, addition of the whey 

fraction to a basal medium containing INS and cortisol resulted in a 60% 

inhibition of casein secretion as well as a decrease in casein mRNA expression, 

and had no effect on fat synthesis (Shamay et al., 1990). The protein thought to 



 

 

33 

be FIL was also detected in goat mammary epithelial cell cultures in the Mr 6000-

30000 whey fraction and in milk fractions collected from the tammar wallaby 

(Wilde et al., 1995; Hendry et al., 1998).  To this date, the specific protein 

associated with the molecular weight of the protein thought to be FIL has not 

been identified.  In 2004, Matsuda and co-workers proposed that 5-HT 

(C10H12N2O; MW = 176.23) could be a potential FIL when they found that the 

mammary gland contained the rate-limiting enzyme involved in its peripheral 

synthesis (TPH-1).  Serotonin is a monoamine neurotransmitter, unlike FIL 

(protein), and was found to decrease β-casein and α-lactalbumin mRNA 

expression in primary mouse mammary epithelial cells and BMEC (Matsuda et 

al., 2004; Hernandez et al., 2008). 

Serotonin 
Serotonin is a hormone and neurotransmitter that is synthesized from the 

amino acid L-tryptophan.  Tryptophan is an essential amino acid that contains an 

indole (a benzene ring), and a secondary pentane ring with a central nitrogen, 

and carboxyl-amide side-chain (Azmitia, 2001). Serotonin was initially identified 

as the active substance from brain extracts that produced peripheral 

vasoconstriction (Rapport, 1948).  Serotonin has been found to influence a broad 

range of physiological processes and systems, such as cardiovascular 

regulation, respiration, thermoregulation, and a variety of behavioral functions, 

including circadian rhythm entrainment, sleep-wake cycle, appetite, aggression, 

sexual behavior, sensorimotor reactivity, pain sensitivity, and learning (Lucki, 
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1998).  In fact, it has been implicated in more behaviors, physiological 

mechanisms, and disease processes than any other brain neurotransmitter 

(Azmitia, 2001).  In addition, 5-HT is one of many hormones involved in the 

neuroendocrine regulation of PRL (Jorgensen, 2007).  Serotonin does not 

directly stimulate PRL secretion from the lactotrophs of the anterior pituirtary, but 

appears to be regulated by the action of a PRL releasing peptide on the 5-HT 

neurons in the midbrain dorsal raphe nucleus and median raphe nucleus, and to 

a lesser extent, the hypothalamic paraventricular nucleus.  Recently, 5-HT was 

proposed to be a component of the autocrine-paracrine homeostatic feedback 

that functions to inhibit the development of the mammary gland and synthesis of 

milk (Matsuda et al., 2004). 

The rate-limiting enzyme involved in synthesis of 5-HT is TPH.  The TPH 

enzyme converts L-tryptophan to 5-hydroxy-L-tryptophan (Figure 1-1).  There are 

two isoforms of TPH that exist, TPH-1, which is expressed in the pineal gland 

and peripheral tissues, and TPH-2 which is expressed in the dorsal raphe 

nucleus of the brain (Cote et al., 2003; Walther et al., 2003; Shaltiel et al., 2005).  

Tryptophan hydroxylase I supplies 5-HT to non-neuronal cells and TPH-2 

supplies 5-HT to the brain and myenteric plexus (Cote et al., 2003).  A second 

enzyme involved in 5-HT synthesis is AADC, which is responsible for the 

conversion of 5-hydroxy-L-tryptohan to 5-HT (Figure 1-1).  Serotonin can be 

further metabolized to melatonin in the pineal gland. 
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Serotonin is found throughout the body.  The main sites of 5-HT are the 

brain and the enterochromaffin cells of the gut (Mossner and Lesch, 1998).  

Serotonin is additionally found in platelets, lymphocytes, monocytes, 

macrophages, mast cells, pulmonary neuroendocrine cells, enterochromaffin 

cells of the gut, and the liver (Mossner and Lesch, 1998).  Epithelial 

enterochromaffin cells act as sensory transducers that activate the mucosal 

processes of both intrinsic and extrinsic primary afferent neurons of the gut, 

through their release of 5-HT (Gershon, 2004). Platelets store large amounts of 

5-HT because they pick up the overflow from the enterochromaffin cells (Struder 

and Weicker, 2001).  They are unable to synthesize 5-HT because they lack 

TPH, but they are able to metabolize 5-HT to 5-hydroxyindoleacetic acid (5-

HIAA), the metabolite of 5-HT, via monoamine oxidase B (MAO B).  This explains 

low amounts of 5-HT present in plasma (Struder and Weicker, 2001).  

Additionally, 5-HT is metabolized to 5-HIAA in the brain, as well as the mammary 

gland (Mossner and Lesch, 1998; Matsuda et al., 2004).  Serotonin is classically 

recognized to be involved in a variety of central nervous system activities and is 

found in large amounts in various areas of the brain.  Serotonin is also involved 

in the regulation of early embryogenesis and morphogenesis, specifically 

regulation of basic developmental processes, including cell proliferation, 

migration, differentiation, and morphogenesis (Buznikov et al., 2001).  

A study conducted in which genes regulated by PRL that were not 

associated with milk protein gene expression demonstrated that TPH-1 was 
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expressed in the mouse mammary gland and was PRL dependent (Matsuda et 

al., 2004).   It was determined that TPH-1 knockout mice were over-responsive to 

PRL stimulation of the pituitary gland and resistant to involution due to milk stasis 

(Matsuda et al., 2004).  Further support for the concept of TPH-1 being regulated 

by PRL was detected in cultures of BMEC.  When the cells were treated with a 

lactogenic medium containing PRL, TPH-1 mRNA expression was elevated 5.5 

fold after 48 hours, compared to cells that did not receive a medium containing 

PRL, but rather a growth medium of EGF and IGF-1 (Stiening, 2005).  

Furthermore, it was shown in cultures of primary mouse epithelial cells that when 

5-HT was added to the cultures β-casein and α-lactalbumin mRNA expression 

was decreased (Matsuda et al., 2004).  Addition of methysegide (METH), a non-

selective 5-HT antagonist reversed the effects on milk protein gene expression.  

The effects of 5-HT and METH seen in primary mouse mammary epithelial cells 

was corroborated in a preliminary study conducted in BMEC.  Serotonin caused 

down-regulation of α-lactalbumin mRNA expression at 24 and 48 h of 

lactogenesis in culture relative to the control, although there appeared to be no 

negative effect on β-casein mRNA expression (Stiening, 2005).  

 In a study conducted in human mammary epithelial cells (MCF10A cells) 

it was demonstrated that TPH-1, and SERT, on the apical side of the membrane, 

and the 5-HT7 receptor, on the basolateral side of the membrane, were 

expressed (Stull et al., 2007).  Serotonin was also found to negatively effect 

trans-epithelial electrical resistance (TEER), an indicator of tight junction status, 
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when added to the basolateral side of the membrane and not the apical side of 

the membrane in MCF10A cells (Stull et al., 2007).  A decrease in TEER 

indicates an increase in tight junction permeability, which is closely linked to milk 

production (Nguyen and Neville, 1998).  Furthermore, 5-HT also decreased the 

tight junction proteins ZO-1 and ZO-2, which are needed for tight junction 

formation and maintenance. Tight junctions are more impermeable during 

lactation, which allows milk to be stored between nursing periods without leakage 

of milk components from the lumen (Nguyen and Neville, 1998).  When METH 

and metergoline (5-HT receptor antagonist) were added to cultures of MCF10A 

cells on the basolateral and not the apical side of the membrane, TEER was 

increased (Stull et al., 2007).   

In addition to having effects centrally, 5-HT has many functions in the 

periphery of the body. Serotonin exerts a large influence on the gastrointestinal 

tract, including inhibition of gastric acid secretion, stimulation of mucosal output 

and intestinal secretion, excitatory and inhibitory effects on motor function, 

alteration of mesenteric blood flow, and initiation of the peristaltic reflex 

(Ormsbee and Fondacaro, 1985).  Approximately 95% of 5-HT in the body is 

stored within the enterochromaffin cells of the gastrointestinal tract (Crowell, 

2004).  Serotonin has been highly associated with irritable bowel syndrome, due 

to 5-HT’s role in visceral hypersensitivity (Crowell, 2004). In the vasculature, 5-

HT is involved in both vasodilation and vasoconstriction of blood vessels.  

Serotonin causes constriction in large arteries and causes vasodilation in the 
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arterioles and large veins (Frishman and Grewall, 2000).  Activation of 5-HT1 

receptors in the vasculature leads to vasodilation, inhibition of norepinephrine 

release and endothelial-dependent inhibition of vascular smooth muscle activity 

on vasoconstriction of some arterial beds (Frishman and Grewall, 2000).  

Activation of 5-HT2 receptors in the vasculature causes vasoconstriction, 

facilitation of platelet aggregation, and augmentation of other vasoconstrictors.   

Furthermore, it has been demonstrated to exert a direct effect on heart and 

cardiopulmonary circulation as seen by a dose-dependent increase in pulmonary 

artery pressure, cardiac output, stroke volume, cardiac contractility, and 

pulmonary vascular resistance when 5-HT was infused into the circulation (Breur 

et al., 1985). 

Serotonin Receptors 
Due to the large physiological role that 5-HT exerts throughout the body, it 

is necessary for it to function through a variety of different receptors.  Diversity of 

receptor subtypes for 5-HT provides an organism with flexibility in its response to 

5-HT and facilitates adaptability during physiological and environmental 

challenge (Uphouse, 1997; Table 1-1).  Serotonin has 15 different receptor 

subtypes that have been identified thus far (Noda et al., 2004). The 5-HT1, 2, 4, 5, 6 

and 7 subtypes are coupled to G-protein receptors.  The 5-HT3 subtypes are gated 

ion channels.  Some receptor subtypes are more highly involved and expressed 

in the central nervous system (variants of 5-HT1 receptor and the 5-HT5 subtype) 
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and others are more highly expressed in the periphery, but still are present in the 

central nervous system (5-HT2, 3, 4, 6, and 7) (Raymond et al., 2001). 

The 5-HT1 receptor subtype has five splice variants that are primarily 

expressed in brain regions, but are also found in other parts of the body 

(Raymond et al., 2001; Table 1-1).  Activation of 5-HT1 receptors usually reduces 

adenylyl cyclase and/or increases the opening of a K+ channel (Uphouse, 1997).  

 Serotonin type 2 receptor subtypes consistently couple to the 

phospholipase β second messenger pathway resulting in the production of 

inositol 3 phosphate and diacylglycerol, and are widely distributed throughout the 

brain and periphery of the body (Kroeze et al., 2002; Table 1-1).  The 2a variant 

is involved in the acceleration of gastrointestinal transit, as well as contraction of 

smooth muscle cells and proliferation of mesangial cells.  The 2b variant 

mediates contraction of the gastric fundus and is also involved in embryonic 

morphogenesis.  The 2c variant is exclusively found in the brain and likely 

stimulates PRL, corticosterone and ACTH secretion, while inhibiting the release 

of norepinephrine and dopamine.  

 The 5-HT3 receptor subtype is the only 5-HT receptor belonging to the 

ligand-gated ion channel family of receptors.  Receptors belonging to this family 

are located on postsynaptic neurons of afferent pathways of the parasympathetic 

nervous system (Gershon, 2005).  Activation of the 5-HT3 receptors produces 

rapid depolarization due to the opening of a cation-selective ion channel 

(Uphouse, 1997; Table 1-1).  These receptors are known to have functional 
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effects at the autonomic nervous system, the gastrointestinal tract, as well as in 

monocytes (Levy et al., 1993; Durk et al., 2005).  

The 5-HT4 receptors are positively coupled to adenylyl cyclase, inhibit 

voltage-activated K+ channels and inhibit Ca2+ activated after-hyperpolarization 

via stimulation of cAMP-dependent protein kinase (Glennon et al., 1995; 

Raymond et al., 2001). This class of receptors has been found to have prokinetic 

(stimulation of motility) actions in the gut and positive inotropy (increased 

contractile strength), chronotropy (rate of contraction), and lusitropy (ability of 

cells to relax) in the vasculature (Table 1-1).   

The 5-HT5 receptors are expressed only in the brain and their signal 

transduction pathway has yet to be elucidated (Table 1-1).  The 5-HT6 receptors 

are positively coupled to adenylyl cyclase and are highly expressed in different 

regions of the brain, but also are found in the adrenal gland and stomach 

(Glennon et al., 1995; Table1-1).  Finally, the 5-HT7 receptor subtype is positively 

coupled to adenylyl cyclase and is expressed in the brain as well as in the 

spleen, vascular smooth muscle and intestine (Glennon et al., 1995).  This 

subtype is thought to participate in circadian rhythms as well as in regulating 

relaxation of smooth muscle in various peripheral organs (Raymond et al., 2001; 

Table 1-1).  It is crucial to determine the 5-HT receptor subtypes within the 

mammary gland and the cell type in which they are expressed.  This is essential 

to the delineation of 5-HT’s action in the mammary gland because by identifying 



 

 

41 

cell specific receptor subtypes, manipulation of milk yield and dry-off may be 

easier achieved.  

Conclusions 
Preliminary research indicates that 5-HT is a FIL in BMEC (Stiening, 

2005).  Modulation of lactation persistency in the dairy animal is critical to 

achieving maximal production.  The elucidation of compounds that do not have to 

be administered by injection that increase milk production are important for the 

dairy industry. Additionally, dry period mastitis is costly to dairy producers.  

Therefore it is also important to understand the mechanisms involved in the 

cessation of milk synthesis in order to achieve rapid dry-off in a dairy cow.  Our 

hypothesis is:  an increase in the amount of 5-HT within the mammary glan, 

when milk removal does not occur frequently and milk is allowed to build-up 

within the gland, acts to decrease milk production and/or synthesis by stimulating 

its receptor(s).  Additionally, using selective 5-HT receptor antagonists will act to 

increase milk production and/or synthesis (Figure 1-2).  Furthermore, we suspect 

5-HT acts to induce involution by increasing rate of epithelial cell turnover.  We 

will test this hypothesis by determining the members of the serotonergic system 

involved in regulating the bovine mammary gland.  Pathways for 5-HT biological 

action in the bovine mammary gland have not been delineated.  We will utilize 

serotonergic agents during lactogenesis to test their ability to inhibit milk protein 

gene expression and mammary epithelium apoptosis, as well as 5-HT receptor 

gene expression and location in primary cultures of bovine mammary epithelial 
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cells and mammary gland tissue.  These experiments will show how 5-HT can be 

utilized to manipulate milk synthesis for the development of a rapid dry-off agent 

providing producers with a product that would improve herd health by decreasing 

the cow’s exposure to mastitis. 

It is critical to delineate the specific receptor through which 5-HT works in 

the mammary gland, as well as to elucidate the mechanism by which it exerts its 

effects.  This is important to the manipulation of the lactation cycle in the bovine 

and to maintain homeostasis within the gland itself. 
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Table 1-1.  Signaling characteristics of human 5-HT receptors. Adapted from 
Raymond et al., 2001. 
Receptor Common Signaling 

Linkages 
Other Signaling 
Linkages 

G-protein 
coupling 

5-HT1A Inhibits AC, activates K+ 
chanels, stimulated ERK, 
Inhibits Ca2+ coductances 

Activates PLC, 
NOS, NAD(P)H 
oxidase, NHE-1 

Giα3 > Giα2 ≥ Giα1 

≥ Goα  > Gzα 

 
5-HT1B 

 
Inhibits AC, stimulated 
ERK 

 
Activates PLC, 
NOS, AC2, K+ 
channels 

 
Giα3 > Giα1 ≥ Giα2  
> Goα 

 
5-HT1D 

 
Inhibits AC 

 
Inhibits Ca2+ 
coductances, 
activates K+ 
channels 

 
Giα and Goα 

 
5-HT1E 

 
Inhibits AC 

  
Giα and Goα 

 
5-HT1F 

 
Inhibits AC 

 
Activates PLC 

 
Giα and Goα 

 
5-HT2A 

 
Activates PLC, PKC, 
ERK, PLA2 
 
 

 
Activated NHE-1, 
AC, Inhibits AC, 
Activates 
Jak2/Stat3, Ca2+ 
channels 

 
Gqα and G11α ≥ Giα 

 
5-HT2B 

 
Activates PLC, PKC, 
PLA2 

 
Activates cell cycle, 
iNOS, cNOS 

 
Gqα and G11α 

 
5-HT2C 

 
Activates PLC, PKC, 
PLA2 

 
Activates Na+/Ca2+ 
exchanges, PDZ 
motifs? 

 
Gqα and G11α 

 
5-HT4 

 
Activates AC, PKA 

 
Regulates various 
channels 

 
Gsα 

 
5-HT5a,b 

 
Unknown 

 
Unknown 

 
Unidentified 

 
5-HT6 

 
Activates AC, PKA 

  
Gsα 

 
5-HT7 

 
Activates AC, PKA 

 
Activates ERK 

 
Gsα 
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Figure 1-1.  Serotonin Biosynthesis.  (Adapted from Wang et al., 2002). 
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Figure 1-2. Proposed Mechanism for Serotonin’s Action in The Bovine Mammary 
Epithelial Cell (Stiening, 2005). 
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CHAPTER 2--ELUCIDATION OF SEROTONIN (5-HT) RECEPTORS AND 
COMPONENTS INVOLVED IN 5-HT BIOSYNTHESIS IN BOVINE MAMMARY 

TISSUE 
 

INTRODUCTION 
 Serotonin (5-HT) receptors are found throughout the body and a wide 

range of cell types (Raymond et al., 2001).   Serotonin exerts its effects through 7 

receptor families, of which there are 15 known splice variants which signal 

through a variety of pathways (Uphouse, 1997; Raymond et al., 2001).  With 

regard to 5-HT’s effects on milk yield there appears to be two sites of action.  

One is at the hypothalamo-pituitary axis and involves alteration of prolactin (PRL) 

secretion from the anterior pituitary (Jorgenesen et al., 1993).  In a study 

conducted in New Zealand white rabbits, it was determined that administration of 

158 ug of 5-HT through implants in the median eminenece decreased the peak 

milk yield curve, and maintained milk yield well below that of the control animals 

(Shani-Mishkinsky et al., 1971).  Furthermore, in a study in post-partum women 

that were mechanically stimulated to empty their breasts, administration of 

metergoline (an antagonist of peripheral and central 5-HT actions) resulted in a 

suppression of plasma PRL concentrations (Delitala et al., 1977).  The other site 

of action involves direct effects on mammary epithelial cell function (Matsuda et 

al., 2004, Stull at al., 2007). 

Other than the ability of 5-HT to activate teat muscle tonicity in the bovine 

mammary gland, little is known about its effects in the mammary tissue although 

5-HT has been demonstrated to have other peripheral effects in the bovine 
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(Vandeputte-Van Messon et al., 1985).  Serotonin has been demonstrated to 

affect gastrointestinal tract motility in dairy cows and appears to be involved in 

cecal dilatation-dislocation (Engel et al., 2006).  Relatively low amounts of mRNA 

for the 1F, 1D, and 2A receptors and relatively high amounts of mRNA for the 1B, 

2B and 4 receptors were detected in intestinal samples collected from dairy cows 

(Engel et al., 2006).  The 1A receptor was not detected at all in the 

gastrointestinal tract of dairy cows.  The 5-HT 1B, 1D, 1F, 2A, 2B and 4 

receptors, but not the 1A and 2C receptors, were detected in the bovine uterus, 

and varied in expression levels based on cycle activity as well as location in the 

uterus (Ontsouka et al., 2004).  It appears that 5-HT is involved in regulation of 

uterine contractility in the bovine.  

The rate-limiting enzyme in 5-HT biosynthesis, tryptophan hydroxylase 1 

(TPH-1) was found to be induced by PRL in the mouse mammary gland and is 

elevated during pregnancy and lactation (Matsuda et al., 2004).  Furthermore, 5-

HT caused suppression of the milk protein gene β-casein and caused shrinkage 

of mammary alveoli.  In human MCF10A cells, 5-HT caused increased tight 

junction permeability, and addition of 5-HT receptor antagonists decreased tight 

junction permeability, which would allow milk components to leak out of the cell 

through the paracellular pathway as well as reduce the polarity for active milk 

synthesis to occur (Stull et al., 2007).  In the human mammary cells, 5-HT leads 

to an increase in cAMP production through the 5-HT7 receptor subtype, a Gs-

coupled receptor, which is localized on the basolateral membrane.  In the bovine, 
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preliminary studies in primary bovine mammary epithelial cells (BMEC) treated 

with 5-HT resulted in a down-regulation of milk protein gene expression 

(Stiening, 2005; Stiening et al., 2008).  When the BMEC were treated with 

methysergide (METH; non-selective 5-HT receptor antagonist) and 

parachlorophenylalanine (PCPA; TPH-1 synthesis inhibitor), an increase and/or 

recovery of milk protein gene expression occurred. 

Due to the potential of 5-HT as a local feedback regulator of lactation, it is 

necessary to determine the amount of 5-HT and its metabolic products secreted 

into milk.  Milk is a biologically derived nutrient source, therefore bioactive 

peptides, growth factors, other peptides are present in milk (Akers, 2002).  In 

2004, Matsuda and co-workers measured the amount of 5-HT and 5-

hydroxyindoleacetic acid (5-HIAA; the metabolite of 5-HT through the 

monoamine oxidase pathway) in diasylates of mouse milk by HPLC/EC.  

Serotonin was present at 16.0 ng/mL and 5-HIAA was present at 11.5 ng/mL.  

Zia et al., (1987) found 5-HT to be present in bovine milk at 436 ng/mL, although 

they did not look at concentrations of 5-HIAA.  Furthermore, when quarters were 

infected with Klebsiella pneumonia-induced mastitis, milk 5-HT concentrations 

increased to 4,867 ng/mL, suggesting an involvement in the inflammatory 

response to mastitis.  Serotonin concentrations were determined by a flurometric 

technique, which is not as sensitive as HPLC methods (Zia et al., 1987).  

Presence of 5-HT in mouse and bovine milk lends further support to local 

production of 5-HT and its potential involvement in regulation of lactation. 
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 Due to the fact that little is known about the bovine mammary serotonergic 

system, it was pertinent to elucidate the receptors behind the effects of 

serotonergic compounds on BMEC.  To date, no information is present on 5-HT 

receptors in the bovine mammary gland, and therefore the mechanism’s behind 

5-HT’s effect on milk proteins and milk production are unknown.   

Therefore, the objectives of these studies were 1) to determine which 5-

HT receptor(s) are present in the bovine mammary gland and in bovine 

mammary epithelial cells, 2) if 5-HT or its metabolite, 5-HIAA, are present in 

bovine milk and 3) to determine if the enzymes involved in the synthesis and re-

uptake of 5-HT are present in the bovine mammary gland. 

 

MATERIALS AND METHODS 
 
HPLC-MS/HPLC-EC for 5-HT and 5-HIAA in Milk 

 Milk was collected from 3 lactating, pregnant Holstein cows and 

centrifuged at 2000 x g for 20 min at room temperature to de-fat milk (Cubero et 

al., 2005).  Fat was decanted from samples.  Remaining liquid was transferred to 

15 mL conicle tubes and stored at -20°C until analyzed by HPLC-MS or HPLC-

EC methods.  HPLC-MS and HPLC-EC assays were performed at the Arizona 

Proteomics Consortium, Tucson AZ in the laboratory of Dr. George Tsarpraillis.  

Description of HPLC-MS and HPLC-EC methods were written and performed by 

Yelena Feinstien and Dr. George Tsarprailis. 
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 Serotonin hydrochloride (5-HT•HCl), 5-hydroxyindole-3-acetic acid (5-

HIAA), dopamine chlorohydrate (DA•HCl), caffeic acid (internal standard) and 

methanol (Chromasolv, for HPLC, >99.9%) were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). 3,4-Dihydroxyphenylacetic acid (DOPAC) and homovanillic 

acid (HVA) were obtained from Fluka (Milwaukee, WI, USA).  Formic acid (98% 

v/v, EMD Chemicals) used in the MS analysis was purchased from Fisher 

Scientific, Inc.  Methanol (HPLC grade) and HCl were obtained from EMD 

Chemicals (Gibbstown, NJ, USA).  Ammonium acetate (98%), citric acid (99.5 

+% A.C.S.) and sodium metabisulfite (97%) were purchased from Sigma-Aldrich.  

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA, electrophoresis 

grade reagent) was purchased from Bio-Rad (Hercules, CA, USA). 

Octanesulfonic acid anhydrous was obtained from Acros Organics (Morris Plains, 

NJ, USA)  

One mL-aliquots of milk were placed into 15 mL screw-top centrifuge 

tubes (Johnson et al., 2003).  Internal standard was added to each tube as 

needed (internal standards were different for LCMS and LC-ECD). Acetonitrile (4 

mL) was added to each aliquot and vigorously mixed for 2 min using a Vortex-

Genie 2 (Scientific Industries, Inc., NY, USA).  Samples were then centrifuged for 

10 min and the supernatant was removed. The volume of the supernatant was 

brought down to ~1 mL using a SC110A SpeedVac Plus concentrator (Savant 

Instruments, Inc., NY, USA).  The volume was subsequently measured precisely.  

Mass Spectrometric Analysis.  
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Analytes were separated via HPLC, using an HP/Agilent 1050 pumping 

system (Hewlett Packard/Agilent Technologies, Germany) equipped with a 

SupelcosilTM LC-ABZ analytical column 25 cm x 4.6 cm, (5um; SUPELCO, 

Bellefonte, PA). Samples were injected using a HP 1050 autosampler (Hewlett 

Packard/Agilent).  Ultraviolet detection during the HPLC separations was 

achieved using a HP 1050 Variable Wavelength Detector (Hewlett 

Packard/Agilent) inline with the Finnigan MAT TSQ 7000 triple quadrupole mass 

spectrometer (ThermoElectron, San Jose, CA).  The mobile phase consisted of 

50 mM formic acid in water (adjusted to pH 5 with 30% NH4OH) and MeOH 

(42:58 v/v). The mobile phase was delivered isocratically at a flow rate of 0.7 

mL/min for 15 min (Johnson et al., 2003).  

Ionization of analytes was accomplished using atmospheric pressure 

chemical ionization source (APCI) at a vaporizer temperature of 400°C and 

corona discharge current of 4.0 mA (Johnson et al., 2003).  Ions were introduced 

into the mass spectrometer through a heated metal capillary maintained at 

250°C.  Initial screening of the samples was performed in positive mode in the 

first quadrupole based on full MS measurements scanning between 145-200 m/z 

only (Q1 MS mode).  Following the Q1 MS scan, MS/MS analysis was performed 

to define fragmentation pattern. This also allowed for collision energy 

optimization, after which, Selected Reaction Monitoring (SRM) methods were 

developed for the analytes. 
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SRM scan type was chosen for quantitation of the compounds of interest.  

The SRM method increases sensitivity by setting the instrument to detect only 

m/z values that belong to an analyte of interest (Johnson et al., 2003). That 

analyte is then fragmented, and the instrument detects only the m/z values of a 

pre-determined fragment ion that comes from that analyte.  Both the analyte ion 

and fragment ion must be observed for detection.  SRM transitions for the 

analytes of interst are as follows: 5-HIAA m/z 192.01-> 145.90, and 5-HT m/z 

176.22 -> 159.66. Method parameters included 1.0 m/z units width, 1.0 s scan 

time, and 15 V collision energy.  

HPLC with the Electrochemical Detection.  

The original method was developed for quantification of neurotransmitters 

in brain tissue (Pizarro et al., 2008). The neurotransmitters were quantified by 

HPLC (SCL-10A, Shimadzu, Tokyo, Japan) equipped with a four-channel 

colorometric electrode array system (CEAS; ESA CoulArray 5600A, ESA Inc., 

Chelmsford, MA, USA) with electrode potentials set to +50, +150, +300, and 

+450 mV, and an automatic injector temperature-controlled system (SIL-10AD, 

Shimadzu). Neurotransmitters were separated via HR-80 C18, 5 µm, 80 mm x 4.6 

mm column with 120 Å pore size (ESA, Inc.) at room temperature. The mobile 

phase consisted of 8 mM ammonium acetate, 4 mM citric acid, 54 mM EDTA, 

mM octanesulfonic acid (pH 2.5, adjusted with 1N HCl)/Methanol (90:10 v/v) 

delivered isocratically at a flow rate of 1.0 mL/min for 25 min.  Aqueous mobile 

phase was filtered through a 0.2 mm membrane (Millipore, Billerica, MA, USA).  
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Bovine Brain and Mammary Tissue Collection 

Holstein cerebral and mammary tissue was collected at slaughter, from a 

multiparous lactating cow in the first trimester of pregnancy, and fixed at 4°C in 

4% paraformaldehyde (PFA) in phosphate buffered saline (PBS; 137mM NaCl, 

2.7mM KCl, 4.3mM Na2HPO4·H2O, 1.4mM KH2PO4, pH 7.3) for 14-24 h.  The 

tissues were submerged in 30% sucrose at 4°C overnight, then submerged in a 

1:1 v:v 30% sucrose:OCT (Tissue Tek) mixture for an additional 24 h at 4°C.  

Tissues were embedded with OCT (Tissue Tek) and frozen at -80°C.  Eight 

micron tissue sections were cut with a cryostat (Microm HM 520).  

Additional cerebral and mammary tissue was obtained from the same cow 

for RNA isolation and snap frozen in liquid nitrogen.  Tissue was stored at -80°C 

until RNA extraction. 

 

RNA Isolation  

Total RNA was isolated from bovine brain and mammary tissue samples 

using TRIzol Reagent (Invitrogen, Carlsbad, CA) in triplicate.  For precipitation, 

only half of the recommended volume of isopropanol was used, with the other 

half being replaced with a salt solution (0.8 M sodium citrate, 1.2 M NaCl).  RNA 

concentration, purity and integrity were confirmed spectrophotometrically using a 

Nanodrop (ND-1000; Nanodrop Technologies, Wilmington, DE).  
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DNase Treatment, Complementary Deoxyribonucleic Acid (cDNA) 

Synthesis  

 One microgram of total RNA was pooled from three different RNA 

isolations for bovine brain and mammary tissue, respectively, and DNase-treated 

at room temperature for 15 min in 10 µL reaction containing 0.5 U DNase I (# 

18068-015; amplicfication grade, Invitrogen, Carlsbad, CA).  EDTA was added to 

a final concentration of 2.5 mM and the DNase was inactivated at 65°C for 15 

min.  Resulting RNA was used for cDNA synthesis (20 µL reactions) using iScript 

cDNA synthesis Kit (# 170-8890, Bio-Rad, Hercules CA).   

 

Real-Time PCR 

Primers utilized for this experiment are listed in Table 2-1.  Primer 

sequences for 5-HT receptors were obtained from Reist et al. (2003) and 

housekeeping genes utilized were obtained from Stiening (2005).  All primers 

were obtained from Operon Biotechnologies, Inc. (Huntsville, AL).  Optimal PCR 

conditions for each primer were determined by running RT-PCR reactions across 

a temperature gradient.  Products were then separated by gel (2% agarose) 

electrophoresis, stained with ethidium bromide, and visualized with ultraviolet 

light.  Reactions corresponding to the annealing temperature resulting in the 

most abundant single product of desired base pair length were then cleaned with 

salt precipitation for products less than 100 base pairs in length before 
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sequencing.  All primers used synthesized products homologous to the 

respective gene of interest.  

Real-time quantitative RT-PCR was conducted using the iCycler IQ Real-

Time PCR Detection System (Bio-Rad, Hercules CA) in a 96-well plate format.  

Reaction mixtures contained 10 µL of AbsoluteTM QPCR SYBR Green Mix 

(Abgene, Rockford, IL), 70 nM of each primer, 4 µL of sample or standard cDNA, 

and RNase/DNase-free water to a final volume of 20 µL.  Master mix (SYBR 

Green, primer and water) was pipetted into plate wells followed by addition of 

sample or standard curve cDNA.  Plates were then assayed on the Bio-Rad 

iCycler IQ Real-Time PCR Detection System.  For all 5-HT receptor primers, 

real-time qRT-PCR conditions were 1 cycle of 15 min at 95°C for enzyme 

activation, 40 cycles of 15 sec at 95°C followed by 1 min of 64°C (annealing 

temperature).  Hypoxanthine phosphoribosyltransferase I (HPRT1) was used as 

the internal control gene (at annealing temperature of 64°C) following standard 

curve analysis across all treatment group samples (ribosomal protein (S18) and 

glyceraldehyde-3-phosphate (GAPDH) were also evaluated).  Expression of 

HPRT 1 was higher in cerebral tissue compared to mammary tissue, but the 

expression was more consistent than the other housekeeping genes 

investigated.  Primer sequences are listed in Table 2-1.  A standard curve was 

run for each primer pair to determine efficiency of primers and used for 

calculations for relative gene expression.  The cycle threshold (Ct) for a given 

sample was the point at which fluorescence of the amplicon increased above 
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background fluorescence in the exponential phase of the amplification curve.  

Thus, Ct was inversely proportional to the amount of mRNA for the amplicon in 

the sample from which the cDNA was made.  Background fluorescence was 

eliminated by setting cycles prior to the exponential amplification phase between 

cycles 1 and 4 for HPRT1, so these cycles were set as the background level of 

fluorescence. 

Amplification efficiencies for PCR were determined by the following 

equation:  

  Efficiency = 1 - 10(-1/slope) 

Where:  slope = slope of the standard curve 

 

For all primer pairs, amplification efficiencies met the manufacturer’s criteria for 

equivalency (Applied Biosystems User Bulletin No. 2, 2001).  For each gene of 

interest, each sample was normalized to the housekeeping gene, HPRT1, to 

account for variability in RNA quality and RT efficiencies among samples.  

Normalization resulted in a ΔCt value.   

  ΔCt = CtGOI – CtHPRT1 

Resulting gene expression data was calculated using the 2-ΔΔCT method (Livak 

and Schmittgen, 2001) and statistics were conducted on these values: 

  Relative Change = 2-ΔΔCt 
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Where: 2 is based on an optimal PCR efficiency in which the PCR 

product is replicated every cycle. 

 -ΔΔCt = least square mean of ΔCt for a treatment (BMEC or 

bovine mammary tissue in this case) – least square means 

of ΔCt for another treatment (control-brain tissue in this 

case). 

 

Polymerase Chain Reaction (PCR) 

One microgram of total RNA was DNase-treated at room temperature for 

15 min in 10 µL reaction containing 0.5 U DNase I (amplicfication grade, 

Invitrogen, Carlsbad, CA).  EDTA was added to a final concentration of 2.5 mM 

and the DNase was inactivated at 65°C for 15 min.  Resulting RNA was used for 

cDNA synthesis (20 µL reactions) using iScript cDNA synthesis Kit (# 1708891, 

Bio-Rad, Hercules, CA).  PCR was conducted using a DNA Taq polymerase Kit 

(# 201223, Qiagen, Valencia, CA).  PCR products were run out on a 2% agarose 

gel, with ethidium bromide for 30 min at 100 mV to detect product. 

 

Immunohistochemistry 

AADC, TPH1, and SERT 

 Primary antibodies (Abcam Inc., Cambridge, MA) were obtained for AADC 

(DDC-109; ab49916), TPH-1 (5C4; ab49686), and SERT (ST51-2; ab45525) for 

immunohistochemical detection in bovine brain and mammary tissues (Cole et 
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al., 2007; unpublished data).   Controls were performed using no primary 

antibody and resulted in no DAB staining.  Frozen brain and mammary tissue 

sections were dried to slides by 30 min incubation at 37°C and then washed two 

times with DI water for 5 min.  Endogenous peroxidases present in brain and 

mammary tissues were appeased in 0.3% H2O2 in water twice for 10 min.  

Mammary and brain tissue sections underwent antigen retrieval by microwaving 

twice for 5 min at 60% power in 10 mM citric acid buffer, pH 6.0.  Tissues were 

then cooled for 20 min, and washed three times in 1x PBS for 5 min.  The 

Vectastain Elite ABC Kit (# PK-4002; Vector Laboratories, Burlingame, CA) was 

used for staining and manufacturer’s instructions were followed.  Tissue sections 

were incubated for 20 min in horse serum in 1 x PBS.  Sections were then 

incubated overnight at 4°C in primary antibody (AADC, 1:2000; TPH1, 1:50; 

SERT, 1:500) in blocking buffer in a humidified chamber.  Slides were then 

washed twice for 5 min in 1x PBS.  Sections were then incubated for 30 min in 

diluted biotinylated secondary antibody and subsequently washed twice for 5 min 

in 1x PBS.  Tissues were then incubated for 30 min with Vectastain Elite ABC 

Reagent.  Sections were then washed for 5 min in 1 x PBS and incubated with 

DAB peroxidase substrate (# SK-4100; Vector Laboratories, Burlingame, CA).  

Incubation time ranged from 30 sec to 5 min, until desired level of intensity 

ensued.  Sections were rinsed in DI water to stop the DAB peroxidase reaction.  

Brain and mammary sections were then dehydrated through 2 x 5 min 70 % 
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ethanol, 2 x 5 min 90% ethanol, 2 x 5 min 100 % ethanol and 2 x 5 min histoclear 

washes and mounted with permount. 

 

GS-I and smooth muscle α-actin  

 Primary biotinylated antibody was obtained (Vector Labs, Burlingame, CA; 

#B-1205) for GS-I and for α-actin (Thermo Scientific, Fremont, CA; #MS-113-P) 

for immunohistochemical detection in bovine brain and mammary tissues 

following in situ hybridization for 5-HT receptors.  This was conducted in order to 

demonstrate the presence of the endothelial vasculature (GS-I antibody) and 

myopepithelial cells (smooth muscle α-actin antibody).  Brain and mammary 

tissue sections were washed twice with DI water for 5 min.  Endogenous 

peroxidases were subsided in 0.3% H2O2 in water twice for 10 min.  Slides were 

then washed in 1 x PBS 3 times for 10 min.  The Vectastain Elite ABC Kit (Vector 

Laboratories) was used for staining following manufacturer’s instructions.  Tissue 

sections were blocked for 20 min with 1% bovine serum albumin in 1x PBS, and 

then incubated overnight at 4°C in primary antibody (3 µg/mL-GS-I; 1:800 α-

actin) in the same blocking buffer in a humidified chamber. Slides were washed 

twice for 5 min in 1 x PBS and then incubated for 30 min with Vectastain Elite 

ABC Reagent.  Sections were then washed (3 x 5 min in 1 x PBS) and incubated 

with DAB peroxidase substrate (Vector Laboratories, Burlingame, CA).  

Incubation ensued for 30 sec to 5 min until optimal intensity level was obtained.  

Sections were then rinsed in DI water to stop DAB peroxidase reaction.  Brain 
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and mammary sections were then dehydrated through 2 x 5 min 70 % ethanol, 2 

x 5 min 90% ethanol, 2 x 5 min 100 % ethanol and 2 x 5 min histoclear washes 

and mounted with permount. 

 

DNA clones 

 5-HT 1B, 5-HT 2A, 5-HT 2B, 5-HT4 and 5-HT 7 cDNA clones were 

generated by PCR amplification from total RNA extracted from bovine brain 

tissue.  Methods utilized were obtained from Cole et al., 2007 (unpublished data).  

Oligonucleotide primers for specific genes of interest were designed against the 

bovine sequences for the 5-HT 1b, 2a, 2b, 4 and 7 receptors.  Primers for the 5-

HT 1b, 2a, 2b, and 4 receptors were designed from primers published in Reist et 

al., (2003).  The 5-HT 7 receptor was designed using human sequences for the 

receptor and compared to the bovine genome.  The 5-HT 7 receptor primer was 

then generated from Primer 3.  Primer sequences for 5-HT1B 5’–

ATGGAGAAGACCCACACCAG and GTGATTGCCACTGTGTACCG-3’; primer 

sequences for 5-HT2a were 5’- TTCTCCCTGACTCCTCAAAACTG and 

GGCATTCTGCAGCTTTTTCTCTA-3’; primer sequences for 5-HT2B 5’-

CGATTCTGCCACAACAAGAA and TTCCCTGTTCCTCACCAGTC; primer 

sequences for 5-HT4 were 5’-CTCTGGATGTCCTGCTCACA and 

CATGCGATGAGTGCTATGCT-3’; and primer sequences for 5-HT7 were 5’-

CTTTGGCCATTTCTTCTGTAACG and TGGAGATGTTTTTCCTTTCGTGT-3’.  

The RT-PCR amplified DNA products for the 5-HT receptors were then inserted 
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into the TOPO TA cloning expression vector pCRII (# C8620-03; Invitrogen, 

Carlsbad, CA) and chemically transformed into Mach1-T1 E. coli.  The 

transformed products were screened utilizing ampicillin selective Luria-Bertani 

agar plates for positive clones by β-galactosidase blue/white screening.  Colonies 

presenting with blue color were untransformed and colonies presenting as white 

were successfully transformed.  Plasmids with PCR inserts (white colonies) were 

grown up overnight at 37°C in a shaker at 225 rpm and DNA was isolated using 

the QIAprep Spin Miniprep kit following manufacturer’s instructions (#27104; 

Qiagen, Valencia, CA).  Isolated DNA was sequenced to ensure exact primer 

sequences were obtained from polymerase chain reaction. Chromas and BLAST 

(NIH) were used to analyze the DNA sequences generated from PCR and 

confirm their identity with sequences in the Genbank database. Plasmids with 

inserts corresponding the RNA sequences of interest (white colonies) were then 

grown up overnight at 37°C in a shaker at 225 rpm and plasmid DNA was 

purified using a Plasmid Midi Kit following manufacturer’s instructions (# 12143; 

Qiagen, Valencia, CA).  

 

RNA Probe Synthesis 

 Isolated plasmid DNA was linearized using the appropriate endonuclease 

restriction enzymes to allow transcriptional runoff (Bam HI and Xba I).  Methods 

for RNA probe synthesis were obtained from Cole et al., (2007).  Linearized DNA 

for the 5-HT receptors 1b, 2a, 2b, 4 and 7 was extracted with 200 µL 
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Phenol:Chloroform:IsoAmyl (25:24:1), vortexed and spun at 15,000 x g at 4°C for 

5 min.  The aqueous phase was removed and extracted an additional time with 

200 µL Chloroform:IsoAmyl (24:1), vortexed and spun at 15,000 x g at 4°C for 5 

min.  Linearized DNA was precipitated with 630 mM ammonium acetate and 66% 

100% ethanol, incubated for 30 min at -20°C and pelleted by centrifugation. The 

supernatant was removed and pelleted DNA was washed with 70% cold ethanol. 

The linear DNA was re-suspended in nuclease-free water and the integrity and 

concentration were measured by agarose gel electrophoresis (1% agarose) and 

spectrophotometry with a Nano Drop Spectrophotometer ND-100.  The 

Dioxigenin (DIG)-labeled RNA probe (# 11 277 073 910, Roche Diagnostics, 

Indianapolis, IN) was generated with SP6 or T7 RNA polymerase (Promega, 

Madison, WI) with the reaction containing 1x txn buffer, 2 µg/mL DIG labeling mix 

(Roche, Pleasonton, CA), 1µg linearized template DNA, 0.5 U/µL RNAsin, 1 U/µL 

T7  and 0.7 U/µL SP6 RNA polymerase (Promega, Madison, WI), 1 mM DTT and 

brought to a final volume of 20 µL with sterile DI water for 1 h at 37°C.  The 

incubation was continued for another 2 h after addition of a second 1 U/µL T7 

and 0.7 U/µL SP6 RNA polymerase.  The DIG-labeled RNA probe was 

subsequently precipitated in 540 mM ammonium acetate, 90% ethanol, and 0.2 

µg glycogen, cooled for 30 min at -20°C, and then was pelleted by centrifugation 

at 15,000 x g for 15 min at 4°C.  The pellet was then washed with 70% ethanol, 

dried and re-suspended in 100 µL sterile DI water.  Probe absorbance at A260 

was measured with a Nano Drop Spectophotometer ND-1000 to calculate the 
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probe concentration.  Integrity of the probe was assessed by agarose gel 

electrophoresis (1% agarose gel). 

 

In Situ Hybridization 

 Methods were obtained from Cole et al., (2007).  Frozen sections (8 µm 

thick) were fixed in fresh 4% PFA in 1 x PBS for 10 min, washed three times in 1 

x PBS for 3 min, digested with 10 µg/mL Proteinase K for 10 min on a rocker, 

and fixed again in fresh 4% PFA in 1 x PBS for 5 min.  After three 3 min 1 x PBS 

washes, bovine mammary and brain tissue sections were acetylated (102.2 mM 

triethanolamine, 0.01 mM 6N HCl, 26.9 mM acetic anhydride volume to 300 ml 

with nuclease-free water) for 10 min at room temperature.  Tissue sections were 

washed 3 times in 1 x PBS for 5 min and blocked with pre-warmed (55°C) pre-

hybridization buffer (50% formamide, 5x SSC pH 4.5, 50 µg/ml yeast tRNA, 1% 

SDS, 50 µg/ml heparin) for 2 h at 55°C in a humidified chamber.  After blocking, 

the DIG-labeled RNA for the sense (negative control) and anti-sense strands for 

each receptor, in amounts ranging from 2-16 µL probe/100 µL hybridization 

buffer, were separately added to the hybridization buffer (5-HT1B: anti-sense 

66.80 ng/µL, sense 92.01 ng/µL; 5-HT2A: anti-sense 19.5 ng/µL, sense 103.1 

ng/µL; 5-HT2B: anti-sense 84.59 ng/µL, sense 150.40 ng/µL; 5-HT4: anti-sense 

56.15 ng/µL, sense 78.40 ng/µL; 5-HT7: anti-sense 68.30 ng/µL, sense 63.09 

ng/µL) and heat-denatured at 80°C for 5 min, cooled for 5 min and approximately 

75 µL of hybridization buffer with DIG RNA for the sense and anti-sense strands 
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for each receptor were added to separate slides directly on the tissue sections.  

Tissue sections were covered with a glass cover slip (20 x 50 mm) and incubated 

overnight at 70°C in a humidified chamber.  Coverslips were removed and 

sections were washed in pre-warmed 5 x SSC (1 x SSC: 74.9 mM NaCl, 7.49 

mM sodium citrate, pH to 7.0 with citric acid) for 30 min at room temperature on a 

rocker, then incubated in 0.2 x SSC for 3 hours at 75°C.  Bovine brain and 

mammary sections were washed at room temperature in 0.2 x SSC for 5 min, 

and subsequently washed in 1 x malic acid buffer (1 x MAB; 100 mM maleic acid, 

148.8 mM NaCl, 10 N NaOH, pH 8.0) for 5 min.  Bovine mammary and brain 

sections were incubated in blocking buffer (2% Blocking reagent in 1 x MAB (# 

11 096 176 001, Roche Diagnostics, Indianapolis, IN)), 10% heat inactivated fetal 

bovine serum (#26140-079, Gibco, Grand Island, NY), 0.1% Tween-20 and 

brought to a final volume with 1 x MAB) for 1 h at room temperature.  Anti-

Digoxigenin-AP Fab Fragments antibody (# 11 093 274 910, Roche Diagnostics, 

Indianapolis, IN) was diluted 1:1000 in blocking buffer and incubated at 4°C 

overnight in a dark chamber.  Following the incubation, the brain and mammary 

sections were washed three times in 1 x MAB with 0.1% Tween-20 for 15 min, 

then washed in DI water with 0.1% Tween-20 for 20 min.  Brain and mammary 

tissue sections incubated with sense and anti-sense probes for 5-HT receptors 

were developed with BM Purple AP Substrate (# 111 442 074 001, Roche 

Diagnostics, Indianapolis, IN) containing 0.1% Tween-20 for 3-36 hours until 

desired intensity was achieved. 
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RESULTS 
 
HPLC/MS and HPLC/EC 

Determination was 5-HT and 5-HIAA levels in bovine milk was important 

to establish local production of 5-HT in the bovine mammary gland.  The 

detection limit of 5-HIAA via LC/MS was 1.53 mg/mL and 21 ng/mL for 5-HT 

using the instrumentation and method as described above. Previous findings 

have indicated that derivatization may be necessary to improve detection when 

analytical methods suffer from sensitivity (Johnson et al., 2003). A non-service 

core HPLC-ECD system was subsequently used to determine if it was a viable 

option for detection of these analytes. The detection and quantitation limits of 5-

HT via HPLC-ECD are 1.9 ng/mL and 5.7 ng/mL (9.4 pg/mg and 28.6 pg/mg) and 

of 5-HIAA 1.3 ng/mL and 4.0 ng/mL (6.6 pg/mg and 20.0 pg/mg) respectively 

(Pizarro et al., 2008).  It appears that the concentration of the compounds in the 

samples is below detection limit of the available HPLC-ECD method. Even after a 

10-fold sample concentration step was used, the concentration of 5-HIAA in milk 

was less than 15 ng/mL, and the 5-HT concentration was still below HPLC-ECD 

detection limit.  

 
 
Polymerase Chain Reaction (5-HT Receptors) and Real-Time Quantitative 

Polymerase Chain Reaction (5-HT Receptors) 

 Serotonin exerts its cellular actions through at least 15 receptor subtypes 

belonging to 7 different families of receptors.  Determination of the exact 5-HT 
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receptor subtypes present in the bovine mammary gland was necessary prior to 

determining 5-HT’s mechanism of action.  mRNA expression of 5-HT1A, 1B, !D, !F, 2A, 

2B, 2C, 4 and 7  receptors was detected in bovine brain tissue (BB; Figure 2-1).  

mRNA expression was detected for the 5-HT1A, 2A, 2B, 4 and 7 receptors in bovine 

mammary tissue (BMT; Figure 2-1) and BMEC. 5-HT1B, 1D, 1F, and 2C receptors were 

not detected in bovine mammary tissue or BMEC (Figure 2-1). Serotonin 

receptors 1b, 2a, 2b, 4, and 7 were detected in the BB, BMT and BMEC by PCR 

and qRT-PCR (Figures 2-2, 2-3). In BMT (Figure 2-2), fold expression of 

receptors relative to BB, (highest to lowest) was:  5-HT 1b (2,477), 5-HT 4 (389), 

5-HT 2b (89), 5-HT 7 (18), and 5-HT 2a (3.77).  In BMEC (Figure 2-3), the fold 

expression of receptors relative to BB (highest to lowest) was: 5-HT 4 (230), 5-

HT 2b (44), 5-HT 7 (37), 5-HT 1b (30) and 2a (1.64).  A possible explanation for 

the differences in receptor expression between mammary tissue and BMEC is 

that mammary tissue contains numeours cell types (adipose, vascular 

endothelium, etc.) in contrast to the BMEC.  Serotonin receptors 1a, 1d, 1f, and 

2c were only detected in the BB by PCR. 

 

Immunohistochemical detection of TPH-1, AADC, and SERT 

 In order for 5-HT to be produced and regulated locally within the 

mammary gland, the enzymatic machinery necessary for its synthesis and 

potentially its re-ptake must be present.  Therefore, antibody stains for TPH-1, 

AADC and SERT were positive in bovine mammary and brain tissue.  This 
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indicates that the enzymatic machinery necessary for 5-HT biosynthesis is 

present in the bovine mammary gland. Staining for TPH-1 was confirmed in both 

brain (positive control) and mammary tissue (Figure 2-4). Aromatic amino acid 

decarboxylase was very abundant in both tissues (Figure 2-5), which is in 

accordance with AADC being known to be present in large excess in peripheral 

and central tissues (Berry et al., 1996). Additionally, staining for SERT was also 

positive in the brain (positive control) and mammary tissue (Figure 2-6).   

 

In Situ Hybridization 

 Serotonin regulates a variety of physiological processes.  Therefore, once 

the receptors present in the mammary gland were determined, it was necessary 

to determine what cell type they are located in.  In situ hybridization for the 5-HT 

1B, 2A, 2B, 4 and 7 receptors was conducted.  Previously, mRNA for these five 

receptor subtypes were found to be expressed in lactating bovine mammary 

tissue and in BMEC by qRT-PCR.  Bovine brain tissue was used as a positive 

control tissue.  All 5 receptors were positively expressed in bovine brain tissue 

(Figures 2-7c,d; 2-8c,d; 2-9c,d; 2-10c,d; 2-11c,d). 

 The mRNA for 5-HT 1B, 4, and 7 receptors mRNA are localized in the 

mammary epithelium (Figures 2-7a, 2-10a, 2-11a).  Counter-staining of slides 

with GS-I (vascular endothelium) was not seen in conjunction with 5-HT 1B, 4, 

and 7 receptor subtypes (Figures 2-7e,f; 2-10e,f; 2-11e,f).  However, 5-HT 1B 

and 4 positive cells in the mammary gland were seen in conjunction with 
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myoepithelial cells as seen by staining for smooth muscle α-actin (Figure 2-7g,h; 

2-10g,h; 2-11g,h).  The 5-HT 2A and 2B receptor subtypes were detected in the 

mammary epithelium (Figure 2-8a, 2-11a).  In contrast to the 1B receptor 

subtype, the 2A and 2B receptors, in addition to be found in the epithelial cells, 

appear to be co-localized with the vascular endothelium and not with the 

myoepithelial cells (Figure 2-8 e-h; 2-11 e-h). 

 

DISCUSSION 
 Serotonin is a neurotransmitter that has numerous functions throughout 

the central nervous system, as well as in the peripheral parts of the body.  The 

receptors involved in the function of 5-HT are a family of 7 receptors, with 

numerous splice variants (Raymond et al., 2001).  Receptor subtypes belonging 

to the 1, 2, 4, 5, 6, and 7 families are members of the large class of G-protein 

coupled receptors.  The 3 receptor subtype family is an ion-channel linked 

receptor class.  Due to the numerous pathways that are coupled with 5-HT 

receptors it was important to determine which receptor(s) were present in the 

bovine mammary gland in order to understand how 5-HT functions in regulating 

milk production and milk protein expression in the bovine. 

 Milk samples collected from Holstein cows were analyzed by HPLC/MS 

and HPLC/EC for concentrations of 5-HT and 5-HIAA by the University of 

Arizona Proteomics Consortium Facility directed by Dr. George Tsarprailis.  

Serotonin was undetectable in the milk by both methods, although low levels of 
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5-HIAA, 5-HT’s metabolite, was detectable by HPLC/EC.  This is in contrast to a 

study conducted in dairy cows in which it was shown that 5-HT increased from 

436 ng/ml to 4,867 ng/ml when infected with mastitis by a fluorometric assay (Zia 

et al., 1987).  The enzymes involved in the synthesis of 5-HT, TPH-1 (rate-

limiting enzyme) and AADC were detected in sections of bovine brain (non-

neuronal cells) and mammary tissue obtained from a lactating, pregnant Holstein 

cow.  Additionally, we were able to detect SERT, the 5-HT reuptake transporter 

which is the regulator of concentrations of free 5-HT (Horschitz et al., 2001).  The 

SERT was detected on the apical membrane of human mammary epithelial cells 

(Stull et al., 2007).  This could explain why 5-HT was undetectable and 5-HIAA, 

the metabolite, was detectable in bovine milk by HPLC-MS/EC.  Furthermore, 

degradation of 5-HT occurs very rapidly due to enormous amounts of 

monoamine oxidase in the cerebral extracellular space, the enzyme involved in 

5-HT breakdown (Jorgensen, 2007).  Since 5-HT is degraded very rapidly, 

concentrations in the extracellular space and in the peripheral plasma are very 

low and do not reflect 5-HT activity.  

 We tested bovine cerebral and mammary tissues from a lactating Holstein 

cow, and primary BMEC isolated from dry, pregnant Holstein cows, for the 1A, 

1B, 1D, 1F, 2A, 2B, 2C, 4, and 7 receptors.  It is possible that cells obtained from 

lactating Holstein cows, as opposed to dry cows, would result in differences in 

receptor expression.  Cells from lactating animals would be expected to have 

increased milk protein levels compared to a dry cow.  All receptors were detected 
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in the brain tissue and the 1B, 2A, 2B, 4 and 7 receptors were detected in the 

mammary tissue and BMEC by PCR and qRT-PCR.   

Serotonin receptors are linked to a variety of cellular signaling pathways.  

They are primarily located post-synaptically, although the 1A and 1B subtypes 

are also located pre-synaptically and can function as autoreceptors (Jorgensen, 

2007). The 5-HT1B receptor has been demonstrated to inhibit adenylyl cyclase, 

activate phospholipase C and phospholipase D, activate extracellular signal-

regulated kinase (ERK), phosphointidylinositol-3’ kinase (PI3K), p70 S6 kinase, 

Akt kinase, and increase endothelial nitric oxide production (Raymond et al., 

2001).  It has been demonstrated that increasing cyclic AMP enhances secretion 

in mammary epithelial cells, and potentially the 5-HT 1B receptor could be 

blocking this pathway because it is negatively coupled to cAMP production 

(Boisgard et al., 2001).  The 1B receptors have additionally been found to be 

involved in proliferation of T-lymphocytes and that this is inhibited when the 1B 

receptor is antagonized (Yin et al., 2006).  Furthermore, the 1B receptor is 

involved in bladder cancer cell proliferation.  Administration of SB-224289 (1B 

antagonist), inhibitied the proliferation of bladder cancer cells that was caused by 

5-HT (Siddiqui et al, 2006).  It is possible that over-stimulation of the 5-HT 1B 

receptor to cause proliferation of mammary epithelial cells could affect the ability 

of the gland to undergo cell renewal.  Since the 1B receptor is involved in 

regulating cell turnover in other cell types, it is possible that it could participate in 

mammary gland cell turnover.  It is postulated that increasing cell renewal is 
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important to increasing the persistency of the bovine lactation (Capuco et al., 

2001).  Additionally, it has been shown that increasing cell turnover in the 

mammary gland could aid in increased levels of secretory capacity in individuall 

mammary epithelial cells or could also increase replacement of less functional 

cells (Capuco et al., 2006).  It appears that the 5-HT 1B receptor colocalized with 

myoepithelium in addition to being located on the epithelial cells.  The 

myoepithelium is involved in the milk ejection reflex, which occurs in response to 

tactile stimulation of the mammary gland (Bruckmaier and Blum, 1998).  

Oxytocin, the primary hormone involed in the milk ejection reflex, stimulates 

oxytocin receptors on myoepithelial cells, which leads to contraction (Bruckmaier 

and Blum, 1998).  Removal of milk from the gland could possibly be disrupted by 

5-HT. 

The 5-HT2A receptor has low-affinity for 5-HT and has been shown to 

activate phospholipases (A2, C, and D) and therefore increase intracellular Ca2+ 

levels. Phospholipase A2 is involved in regulating eicosanoid synthesis through 

stimulation of arachidonic acid release (Steiner, 1991).  Activity of phospholipase 

A2 was demonstrated in mouse mammary epithelial cells obtained from normal 

glands as well as cancerous glands (Steiner, 1991).  In fact, the last steps of 

exocytosis of milk proteins is stimulated by PRL induced arachidonic acid 

release, suggesting involvement of phospholipase A2 (Boisgard et al., 2001).  

The 5-HT2A receptor has also been found to stimulate and diminish cAMP 

accumulation in different cell types, activate ERK-regulated mitogen-activated 
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protein kinase (MAPK), activate janus kinase/signal transducers and activators of 

transcription pathway (Jak/STAT), regulate apoptosis, causes production of 

reactive oxygen and nitrogen species, and is involved in regulation of transport 

processes.  Reactive oxygen speciesis associated with double and single-

stranded DNA breaks which is considered and initial event in cancer (Starcevic et 

al., 2003).  It was demonstrated in three human mammary epithelial cells lines 

(MCF10A, MCF10AT, and MCF10ATG3B) were susceptible to oxidative stress 

resulting in DNA damage (Starcevic et al., 2003).  In a study conducted in 

MCF10A cells treated with 4-hydroxyestradio, activation of ERK occurred, a 

regulator of cell proliferation and survivial (Chen et al., 2005).  Furthermore, 

when and ERK inhibitor was used in the same cells, apoptosis induced by 4-

hydroxyestradiol was augemented.  In skeletal muscle it has been demonstrated 

that 5-HT, through the 2A receptor subtype, activates both Jak2 and Stat 3 

(Banes et al., 2005).  Casein promoters, as well as all milk protein genes 

identified to date, have binding sites for STAT 5, the primary transcription factor 

required for PRL signaling in the mammary gland (Rosen et al., 1999).  Prolactin 

binding to its receptor on mammary epithelial cells results in the activation of the 

Jak2/Stat5 pathway, resulting in transcription of β-casein, a major milk protein 

(Watson and Burdon, 1996).  In addtion to STAT 5, STAT 3 is also involed in 

mammary development.  Activation levels of STAT 3 increase at the onset of 

involution and are decreased during pregnancy, whereas STAT 5 increses during 

pregnancy (Robinson et al., 2007).  As mentioned previously in regards to the 1B 
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receptor, increased cAMP levels are coupled with increased casein secretion.  

Thereore, the 2A receptor could also be inhibiting this pathway for casein 

secretion.  The 5-HT 2A receptor has also been shown to be important for 

smooth muscle contraction and is colocalized with caveolae in C6 glioma cells 

(Bhatnagar et al. 2004).  Due to its effects of smooth muscle contraction, it is not 

surprising that we saw colocalization of the 5-HT 2A receptor with vascular 

endothelium in the mammary gland. 

The 5-HT2B receptor is involved in activation of phospholipase C, as well 

as stimulating calcium mobilization in certain cell types (Raymond et al., 2001).  

These receptors are also involved in regulation of morphogenesis and 

mitogenesis, and stimulate ERK as well as cell cycle components.  Like the 2A 

receptor subtype, the 2B receptor causes production of reactive nitrogen species, 

and regulates channels and transport processes.  Prolactin has been shown to 

induce nitric oxide in caveolae of mammary epithelial cells and results in 

inhibition of differentiation (Bolander, 2005).  The SERT has been found in 

endothelial caveolae, along with eNOS in pulmonary endothelium (Ramos et al., 

2006).  Serotonin increases eNOS enzymatic activity and results in an increase 

in intracellular Ca2+ and subsequent relaxation of vascular endothelium (Arnal et 

al., 1999).  Therefore, it is not surprising that both the 5-HT 2A and 2B receptors 

colocalized with the vascular endothelium and mammary epithelial cells in our 

studies.  It is possible that both receptor subtypes could be acting in regulation of 

blood flow to the gland, which is a key event in lactogenesis (Collier et al., 1984; 
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Davis and Collier, 1985).  In studies conducted in the sow mammary gland, it 

was determined that 5-HT is involved in vasocontriction of the mammary vein, 

and the administration of ketanserin (5-HT2 receptor antagonist) resulted in a 

partial relaxation of the mammary vein (Busk et al., 1999).  In cardiomyocytes, 5-

HT action through the 2B receptor provides protection against serum deprivation 

induced apoptosis by activation of the ERK pathway to inhibit Bax expression 

(Nebigil et al., 2003).  As mentioned previously, maintenance of the cell renewal 

process in the mammary gland is crucial to increasing lactation persistency.  In 

order to increase lactation persistency it is important to reduce apoptosis, 

particularly in the declining phase of lactation (Capuco et al., 2006).  Additionally, 

both the 5-HT 2A and 2B receptors activate protein kinase C, which has been 

demonstrated to induce β-casein mRNA expression in HC11 mouse mammary 

epithelial cells (Marte et al., 1994).  This is another potential pathway by which 5-

HT may exert its actions in the bovine mammary gland. 

The 5-HT4 receptor subtype is primarily coupled to the activation of 

adenylyl cyclase, and its primary function is prokinetic actions in the gut and 

positive inotropy, chronotropy, and lusitropy in the atria (Glennon et al., 1995; 

Raymond et al., 2001).  This receptor has been found to activate protein kinase 

A, to regulate channels such as the L-type Ca2+ channels, as well as regulating 

transport processes.  In epithelial cells, cAMP and protein kinase A have been 

demonstrated to stimulate apical directed transytosis and secretion (Muniz et al., 

1996).  This could be relevant to 5-HT’s action in the mammary gland, through 
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the 5-HT 4 and 7 receptors which both increase cAMP.  Protein kinase A is also 

been demonstrated to be involved in transport of caseins between the 

endoplasmic reticulum, Golgi sacuules, trans Golgi network and secretory 

vesicles (Boisgard et al., 2001).  Furthermore, it has been demonstrated that 

increase in cAMP result in increased casein secretion in mammary epithelial cells 

through protein kinase A (Boisgard et al., 2001).  In the gut, activation of the 5-

HT4 receptors, on nerve terminals in the enteric nervous system, increases 

amounts of neurotransmiters, like acetylcholine, leading to an enhanced reflex 

response (Mawe et al., 2006).  Like the 5-HT 1B receptor, the 5-HT 4 receptor 

was found to colocalized with myoepithelial cells and could be involved with 

regulation of the milk ejection reflex.   

Like the 5-HT4 receptor, the 5-HT7 receptor subtype is also positively 

coupled to adenylyl cyclase and was found to be colocalized with the 

myoepithelium.  Furthermore, it causes muscle relaxation in animal and human 

stomachs, small and large intestines (Tonini, 2005).  Although this receptor 

subtype did not appear to colocalize with the vascular endothelium, it could 

potentially also be acting to regulate blood flow to the mammary gland through 

actions on the vasculature in the mammary gland.  In human mammary epithelial  

cells (MCF10A cells), the 5-HT 7 receptor was found to be located on the 

basolateral side of the membrane and demonstrated to be involved in tight 

junction regulation (Stull et al., 2007).  Tight junctions, gasket-like structures that 

join the mammary epithelial cells together, are involved in the paracellular 
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pathway of milk secretion (Neville, 1999).  It is thought that 5-HT is decreasing 

milk synthesis through disruption of tight junctions (Stull et al., 2007). Therefore, 

the mechanisms behind how 5-HT controls lactation appear to be numerous and 

complex. 

 

CONCLUSION 
 In conclusion, we demonstrated that the enzymatic machinery to produce 

5-HT is present in the bovine mammary gland, supported by the positive 

immunostaining for the enzymes involved in 5-HT synthesis (TPH-1 and AADC) 

and re-uptake of 5-HT (SERT), and that its metabolite, 5-HIAA is secreted into 

milk.  We were unable to detect 5-HT in the milk by HPLC/MS or HPLC/EC.  

Future research will be directed towards determining the presence of 5-HT in the 

lymph vessels of the mammary gland because they collect fluid from the 

mammary tissue on the basolateral side of the epithelial cells and this would 

resolve the issue of SERT on the apical membrane.  Furthermore, we showed 

that mRNA for five 5-HT receptor subtypes (1B, 2A, 2B, 4 and 7) are present in 

the bovine mammary gland and mammary epithelial cells by qRT-PCR and in 

situ hybridization.  The 5-HT1 receptor family is negatively coupled to the 

production of cAMP, the 5-HT2 family belongs to the Gq/11 familly, and the 5-HT4,7 

families are positively coupled to the production of cAMP.  Presence of these 5 

receptor subtypes, suggest a complex regulation of local mammary gland 

function. These findings support the involvement of 5-HT in bovine mammary 
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gland function.  Future research should be directed toward elucidating the 

mechanisms by which 5-HT exerts its actions in the bovine mammary gland.  

Additionally, it should be established at what stages of lactation (i.e., early 

lactation, peak lactation, late lactation, involution, dry period) different receptor 

subtypes are up- or down-regulated as this could provide insight into 5-HT’s 

mechanism of action in regulation of the bovine mammary gland. 
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Table 2-1.  Primer sequences utilized for quantitative real-time quantitative RT-
PCR1. 

 
1 All 5-HT receptors were run at an annealing temperature of 64°C.  Primers for 
5-HT receptors 1A-4 were obtained from Reist et al., 2003.  The 5-HT7 was 
designed using Primer 3 (Rozen and Skaletsky, 2000) and the sequence was 
obtained from GenBank (NIH, Bethesda, MD), accession number XM_ 580794.  
HPRT1 was used as the housekeeping gene and was also run at an annealing 
temperature of 64°C. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Primer1 Forward Primer (5’ to 3’) 
 

Reverse Primer (5’ to 3’) 
 

5-HT1A TCAGCTACCAAGTGATCACCTCT GTCCACTTGTTGAGCACCTG 
 

5-HT1B TGCTCCTCATCGCCCTCTATG CTAGCGGCCATGAGTTTCTTCTT  
 

5-HT1D CCTCCAACAGATCCCTGAATG CAGAGCAATGACACAGAGATGCA  
5-HT1F TGTGAGAGAGAGCTGGATTATGG 

 
TAGTTCCTTGGTGCCTCCAGAA 

5-HT2A AGCTGCAGAATGCCACCAACTAT GGTATTGGCATGGATATACCTAC 
5-HT2B AAACAAGCCACCTCAACGCCT 

 
TCCCGAAATGTCTTATTGAAGAG 
 

5-HT2C TTCTTAATGTCCCTAGCCATTGC GCAATCTTCATGATGGCCTTAGT 
5-HT4 ATGGACAAACTTGATGCTAATGTGA TCACCAGCACCGAAACCAGCA 
5-HT7 GTTTTATATCCCCATGTCCGTCA TTTGCACACTCCTCTACCTCCTT 
HPRT1 GAGAAGTCCGAGTTGAGTTTGGAA GGCTCGTAGTGCAAATGAAGAGT 
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Figure 2-1.  Ethidium bromide gel (2% Agarose) containing polymerase chain 
reaction products for 5-HT receptors1. 

 
  (A)   (B)   (C) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1This figures depicts mRNA expression of the 5-HT receptors using polymerase 
chain reaction.  (A) Holstein brain tissue, (B) lactating Holstein mammary gland 
tissue, and (C) primary bovine mammary epithelial cells treated for 7 d with 
proliferation media (IGF-I, EGF and INS). 
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Figure 2-2. Relative mRNA expression of 5-HT receptors in the bovine mammary 
gland1. 

 

 

 

 

 

 

 

 

 

 

 

 

1This figures depicts mRNA expression of 5-HT receptors in bovine mammary 
tissue collected from a 1st trimester pregnant, lactating Holstein. Primers were 
obtained from Reist et al., (2003). Relative expression was calculated using 2-ΔΔCt 
method with control being 5-HT receptor expression in the bovine brain (Livak 
and Schmittgen, 2001). Expression was detected for 5-HT1B, 2A, 2B, 4, and 7 
receptors, with 1B and 4 receptors having the highest expression, respectively. 
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Figure 2-3. Relative mRNA expression of 5-HT receptors in bovine mammary 
epithelial cells1. 

 

 

 

 

 

 

 

 

 

 

 

 
1This figures depicts mRNA expression of 5-HT receptors in primary bovine 
mammary epithelial cells, treated with proliferation media for 8 d, that have been 
previously reported in the bovine (Reist et al., 2003). Relative expression was 
calculated using 2-ΔΔCt method with control being 5-HT receptor expression in the 
bovine brain (Livak and Schmittgen, 2001). Expression was detected for 5-HT1B, 

2A, 2B, 4, and 7 receptors, with 4 and 2B receptors having the highest expression, 
respectively.  
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Figure 2-4.  Mammary gland and brain tissue from a lactating Holstein cow 
immunostained for TPH-1, the rate-limiting enzyme for 5-HT biosynthesis1. 

(A) 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

 
1This figures depicts immunohistochemical stains using DAB for TPH-1, the rate-
limiting enzyme in 5-HT biosynthesis. All pictures were taken at a 20 X objective. 
(A) is mammary gland tissue obtained from a lactating Holstein cow in the first 
trimester of pregnancy. (B) is brain tissue obtained from the same animal. 
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Figure 2-5.  Mammary gland and brain tissue from a lactating Holstein cow 
immunostained for AADC, the second enzyme involved in 5-HT 
biosynthesis1. 

 
(A) 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

 

1This figures depicts immunohistochemical stains using DAB for AADC, the 
second enzyme involved in 5-HT biosynthesis. All pictures were taken at a 20 X 
objective. (A) is mammary gland tissue obtained from a lactating Holstein cow in 
the first trimester of pregnancy. (B) is brain tissue obtained from the same 
animal. 
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Figure 2-6.  Mammary gland and brain tissue from a lactating Holstein cow 
immunostained for SERT, the 5-HT reuptake transporter1. 

(A) 

 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

1This figures depicts immunohistochemical stains using DAB for SERT, the 5-HT 
reuptake transporter. All pictures were taken at a 20 X objective. (A) is mammary 
gland tissue obtained from a lactating Holstein cow in the first trimester of 
pregnancy. (B) is brain tissue obtained from the same animal. 
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Figure 2-7.  In situ hybridization for the 5-HT 1B receptor in lactating bovine 
mammary and brain tissue1.            

 

 

 

 

 
 

1This figures depicts in situ hybridization staining for the 5-HT 1B receptor in 
lactating bovine mammary tissue and immunohistochemical stains using GS-I for 
the vasculature and/or smooth muscle α-actin for the myoepithelial cells using 
DAB substrate. All pictures were taken at a 20 X objective. (A) Anti-sense strand 
for the 5-HT 1B receptor in lactating bovine mammary tissue, (B) sense strand 
for the 5-HT1B receptor in lactating bovine mammary tissue, (C) anti-sense 
strand for the 5-HT 1B receptor in bovine cerebral tissue, (D) sense strand for 5-
HT 1B receptor in bovine cerebral tissue, (E) anti-sense strand for 5-HT 1B 
receptor in lactating bovine mammary gland counter-stained with GS-I for 
vasculature, (F) magnification of boxed in area in (E), (G) anti-sense strand for 5-
HT 1B receptor in lactating bovine mammary gland counter-stained with α-actin 
for myoepithelial cells, and (H) magnification of boxed in area in (G). 
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Figure 2-8. In situ hybridization for the 5-HT 2A receptor in lactating bovine 
mammary and brain tissue1. 

 

 

 

 

 

1This figures depicts in situ hybridization staining for the 5-HT 2A receptor in 
lactating bovine mammary tissue and immunohistochemical stains using GS-I for 
the vasculature and/or smooth muscle α-actin for the myoepithelial cells using 
DAB substrate. All pictures were taken at a 20 X objective. (A) Anti-sense strand 
for the 5-HT 2A receptor in lactating bovine mammary tissue, (B) sense strand 
for the 5-HT 2A receptor in lactating bovine mammary tissue, (C) anti-sense 
strand for the 5-HT 2A receptor in bovine cerebral tissue, (D) sense strand for 5-
HT 2A receptor in bovine cerebral tissue, (E) anti-sense strand for 5-HT 2A 
receptor in lactating bovine mammary gland counter-stained with GS-I for 
vasculature, (F) magnification of boxed in area in (E), (G) anti-sense strand for 5-
HT 2A receptor in lactating bovine mammary gland counter-stained with α-actin 
for myoepithelial cells, and (H) magnification of boxed in area in (G). 
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Figure 2-9. In situ hybridization for the 5-HT 2B receptor in lactating bovine 
mammary and brain tissue1. 

 

 

 

 

 

 

 

 

1This figures depicts in situ hybridization staining for the 5-HT 2B receptor in 
lactating bovine mammary tissue and immunohistochemical stains using GS-I for 
the vasculature and/or smooth muscle α-actin for the myoepithelial cells using 
DAB substrate. All pictures were taken at a 20 X objective. (A) Anti-sense strand 
for the 5-HT 2B receptor in lactating bovine mammary tissue, (B) sense strand 
for the 5-HT 2B receptor in lactating bovine mammary tissue, (C) anti-sense 
strand for the 5-HT 2B receptor in bovine cerebral tissue, (D) sense strand for 5-
HT 2B receptor in bovine cerebral tissue, (E) anti-sense strand for 5-HT 2B 
receptor in lactating bovine mammary gland counter-stained with GS-I for 
vasculature, (F) magnification of boxed in area in (E), (G) anti-sense strand for 5-
HT 2B receptor in lactating bovine mammary gland counter-stained with α-actin 
for myoepithelial cells, and (H) magnification of boxed in area in (G). 
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Figure 2-10. In situ hybridization for the 5-HT 4 receptor in lactating bovine 
mammary and brain tissue1. 

 

 

 

 

 

1This figures depicts in situ hybridization staining for the 5-HT 4 receptor in 
lactating bovine mammary tissue and immunohistochemical stains using GS-I for 
the vasculature and/or smooth muscle α-actin for the myoepithelial cells using 
DAB substrate. All pictures were taken at a 20 X objective. (A) Anti-sense strand 
for the 5-HT 4 receptor in lactating bovine mammary tissue, (B) sense strand for 
the 5-HT 4 receptor in lactating bovine mammary tissue, (C) anti-sense strand for 
the 5-HT 4 receptor in bovine cerebral tissue, (D) sense strand for 5-HT 4 
receptor in bovine cerebral tissue, (E) anti-sense strand for 5-HT 4 receptor in 
lactating bovine mammary gland counter-stained with GS-I for vasculature, (F) 
magnification of boxed in area in (E), (G) anti-sense strand for 5-HT 4 receptor in 
lactating bovine mammary gland counter-stained with α-actin for myoepithelial 
cells, and (H) magnification of boxed in area in (G). 
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Figure 2-11. In situ hybridization for the 5-HT 7 receptor in lactating bovine 
mammary and brain tissue1. 

 

 

 

 

 

1This figures depicts in situ hybridization staining for the 5-HT 7 receptor in 
lactating bovine mammary tissue and immunohistochemical stains using GS-I for 
the vasculature and/or smooth muscle α-actin for the myoepithelial cells using 
DAB substrate.  All pictures were taken at a 20 X objective (A) Anti-sense strand 
for the 5-HT 7 receptor in lactating bovine mammary tissue, (B) sense strand for 
the 5-HT 7 receptor in lactating bovine mammary tissue, (C) anti-sense strand for 
the 5-HT 7 receptor in bovine cerebral tissue (D) sense strand for 5-HT 7 
receptor in bovine cerebral tissue, (E) anti-sense strand for 5-HT 7 receptor in 
lactating bovine mammary gland counter-stained with GS-I for vasculature, (F) 
magnification of boxed in area in (E), (G) anti-sense strand for 5-HT 7 receptor in 
lactating bovine mammary gland counter-stained with α-actin for myoepithelial 
cells, and (H) magnification of boxed in area in (G). 
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CHAPTER 3-EFFECTS OF SEROTONERGIC AGENTS ON PRIMARY BOVINE 
MAMMARY EPITHELIAL CELLS 

 

INTRODUCTION 
Evidence suggests the presence of a chemical substance in milk, which 

performs as a feedback inhibitor of lactation (FIL).  This compound helps to 

regulate the amount of milk produced by a lactating animal (Matsuda et al., 2004; 

Stull et al., 2007).  A local mechanism that regulates milk production is thought to 

be present in the mammary gland.  The local mechanism is proposed based on 

the ability of the mammary gland to store fluid in the extracellular space allowing 

biologically active substances in milk to influence events within mammary 

secretory and ductular epithelial (Peaker and Wilde, 1996).  The level of control 

for this mechanism occurs within each gland and is located in the mammary 

alveoli in order to control the degree of alveolar distension in the short term and 

adjust milk secretions to the demands of offspring or frequency of milking, in the 

case of the dairy cow (Peaker, 1995).  During extended periods of milk 

accumulation, inhibition of milk secretion was thought to occur due to stretching 

of the epithelium, although when an infusion of a sucrose solution into the goat 

mammary gland was given to increase mammary pressure and no effect on milk 

production was evident (Henderson and Peaker, 1984).  An alternative 

hypothesis presented was the presence of a chemical that inhibits milk secretion 

between milkings (Linzell and Peaker, 1971).  Increased milking frequency has 

been shown to increase milk yield in dairy animals, potentially through the 
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removal of a chemical inhibitor of milk secretion (Bar-Peled et al., 1995; Wilde et 

al., 1998; Hale et al., 2003).  Previous research was unable to identify the 

specific compound causing inhibition of lactation, but determined it to be 10-30 

kDa in size (Wilde et al., 1988).  Numerous studies, both in vivo and in vitro, and 

in a variety of species (goat, mouse, tammar wallaby, rabbit) with the unidentified 

compound resulted in decreases in milk yield, milk protein synthesis and milk 

protein mRNA expression (Wilde et al., 1988).   

Serotonin (5-HT) has recently been proposed to be a FIL in the mouse, 

human, and more recently in the bovine (Matsuda et al., 2004; Stull et al., 2007; 

Hernandez et al., 2008).   Although not termed a FIL in the rabbit, in a study in 

which 5-HT was implanted in the median eminence of New Zealand white 

rabbits, milk production was reduced compared to control animals (Shani-

Mishkinsky et al., 1971).  Serotonin is a mammary vasoconstrictor in microgram 

quantities, particularly in the artery, where 5-HT released from platelets severely 

decreases mammary blood flow (Linzell, 1974).  Tryptophan hydroxylase 1 (TPH-

1), the rate-limiting enzyme in 5-HT biosynthesis was induced by prolactin (PRL) 

in mouse mammosphere cultures and by milk stasis in nursing dams (Matsuda et 

al., 2004).  In cultures of primary mouse epithelial cells, PRL induced β-casein 

mRNA expression was attenuated by increasing dose of 5-HT added to cultures.  

Furthermore, when methysergide (METH), a non-selective 5-HT antagonist, was 

added to cultures, β-casein mRNA expression was increased (Matsuda et al., 

2004).  Cultures of human mammary epithelial cells (MCF10A cells) were 



 

 

92 

demonstrated to express the 5-HT7 receptor (basolateral membranes of the 

apical cells) and serotonin reuptake transporter (SERT; apical surface) (Stull et 

al., 2007).  Furthermore, it was determined that 5-HT was involved in tight 

junction status in the MCF10A cells.  Addition of METH and metergoline, both 

broad-spectrum 5-HT receptor antagonists, to MCF10A cell cultures resulted in 

increases in transepithelial resistance (TEER; Stull et al., 2007).  In addition to 

effecting TEER, the tight junction scaffolding proteins ZO-1 and ZO-2 were 

decreased in 5-HT treated MCF10A cells.  The 5-HT2A receptor subtype has 

been shown to be expressed in cultures of MCF7 cells (human breast cancer cell 

line) (Sonier et al., 2006).  This study described 5-HT as eliciting a mitogenic 

effect, and that is was dependent on the presence of serum and interactions with 

other hormones or growth factors in culture. In preliminary studies conducted in 

serum-free cultures of primary bovine mammary epithelial cells (BMEC), addition 

of 5-HT to lactogenic cultures resulted in decreases of β-casein and α-

lactalbumin mRNA expression (Stiening, 2005).  Furthermore, when METH and 

paracholorophenylalanine (PCPA), a TPH-1 synthesis inhibitor, were added to 

lactogenic BMEC cultures, β-casein and α-lactalbumin mRNA expression were 

either recovered or increased (Stiening, 2005).  

The objectives of these in vitro studies were to 1) demonstrate that TPH-1 

is expressed in BMEC cultures and its regulation is PRL dependent, 2) that 5-HT 

decreases β-casein and α-lactalbumin mRNA expression in BMEC cultures, 3) 

addition of METH and PCPA increase β-casein and α-lactalbumin mRNA 
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expression, 4) determine which specific antagonists for 5-HT receptors in bovine 

mammary gland affect β-casein and α-lactalbumin mRNA expression, 5) 

determine if 5-HT and selective 5-HT receptor antagonists effect caspase 3 

activity in cultures of BMEC, and 6) determine if 5-HT and selective 5-HT 

receptor antagonists effect total casein and α-lactalbumin protein levels in BMEC 

cultures. 

 

MATERIALS AND METHODS 
Mammary epithelial cell isolation  

Primary bovine mammary epithelial cells were isolated from mammary 

gland tissue samples of multiparous, pregnant (6 to 7 mo of gestation), non-

lactating Holstein dairy cows immediately after slaughter (Appendix A).  The 

udder was removed from the cow at the abbatoir and taken to the laboratory for 

dissection.  Hair was removed from the outer skin layer of the udder and the skin 

surface was sterilized with betadine solution and 70% ethanol.  A scalpel was 

used to make an incision deep into the parenchymal tissue of the gland, and 

approximately 100 g of tissue was aseptically removed and placed in storage 

medium of Medium 199 (M199, #11150-059, Gibco, Grand Island, NY) and a 

1:100 dilution of antibiotic/antimycotic (Gibco #15240-062, Grand Island, NY).  

Samples (10 g) were finely minced using standard razor blades and were 

frequently moistened with storage medium during mincing. 
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Subsequent tissue dissociation and epithelial cell isolation closely followed 

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

dissociated in a 500 mL trypsinization flask containing 0.15% collagenase type II 

and type III (Worthington Biochemical Corp., 4176 and 4182, respectively, 

Lakewood, NJ), 0.1% hyaluronidase type I-S (Sigma, #H-3506, St. Louis, MO), 

and 5% fetal bovine serum (Gibco, #16000-044, Grand Island, NY), and brought 

to volume with Medium 199 (M199; #31100-035, Gibco, Grand Island, NY), and 

continuously shaken at 225 rpm and 37°C using a gyratory bench-top shaker for 

approximately 3-4 h.  Dissociated material was then decanted, leaving behind 

large pieces containing connective tissue for a second dissociation, and 

centrifuged for 2 min at 100 g.  Supernatant was then decanted and pellet was 

resuspended in 0.01% DNase (Sigma #D-N25, St. Louis, MO) and filtered 

through Nitex mesh filter paper (150 µM) to separate large pieces from smaller 

cell aggregates.  Fragments unable to pass through the filter were returned flasks 

with fresh dissociation for an additional hour of dissociation.  Material that passed 

through Nitex was then centrifuged at 100 g for 2 min and washed with 25 mL 

wash medium containing 10% fetal bovine serum (Gibco, #16000-044, Grand 

Island, NY) and re-centrifuged to pellet.  The pellet was then resuspended in 

M199 (#31100-035, Gibco, Grand Island, NY) containing 10% fetal bovine serum 

(#26140-079, Gibco, Grand Island, NY).   

The epithelial cell fraction was isolated by carefully layering 2 mL of the 

cell suspension containing 0.04% DNase (approximately 3.0 x 107 cells) onto 
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preformed 40% Percoll (Sigma #P-4937, St. Louis, MO) gradients (10.8 mL 

Percoll:16 mL M199:1.2 mL 10X Waymouth’s medium per nalgene centrifuge 

tube).  Gradients were formed the prior day by centrifugation at 20,000 x g for 1 h 

at 20°C, with the brake off and then stored at 4°C until use.  After cell 

suspensions were layered, the gradients were spun at 121 x g for 15 min in a 

swinging bucket rotor with the brake off.  The epithelial cell fraction sedimented 

to the 1.065 to 1.07 g/mL-density region.  Epithelial cells were removed using a 1 

mL pipette, diluted 7:1 with M199, pelleted and resuspended in M199 (#31100-

035, Gibco, Grand Island, NY) with 10% fetal bovine serum (#26140-079, Gibco, 

Grand Island, NY).  Cells were then recounted and suspended in freezing media 

containing 80% M199 (#31100-035, Gibco, Grand Island, NY), 10% sterile 

DMSO (#D-2650; Sigma, St. Louis, MO), and 10% fetal bovine serum (#26140-

079, Gibco, Grand Island, NY).  Cells were then aliquotted into 1.5 mL cryovials 

at approximately 1.2 x 107 cells/mL.  After an overnight incubation at -80°C, the 

cryogenically stored cells were submerged in liquid nitrogen for long-term 

storage. 

 

Collagen Extraction 

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

M acetic acid.  Tendon-acetic acid solution was mildly agitated by stirring for 48 h 

at 4°C.  Simple purification of the collagen solution was obtained by high-speed 

centrifugation (10,000 x g) at 4°C for 1 h in a fixed-angle rotor (JA-20) using a 
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Beckman Coulter high-speed centrifuge (J2-HS).  Collagen was stored at 4°C for 

up to 3-6 mo for use.  After 6 mo, it was discarded and a new batch was 

processed. 

 

Cultures 

 At the time of culture, the cryovial(s) containing BMEC were thawed in a 

37°C water bath for 2 min.  Cells were washed 1:1 in DMEM/F-12 (# 56495C; 

SAFCO Biosciences, Lenexa, KS), plus 10 mM sodium acetate and pelleted by 

centrifugation 100 x g for 4 min and resuspended in 1-2 mL of DMEM/F-12 (# 

56495C; SAFCO Biosciences, Lenexa, KS), and placed on ice until use.  Stock 

collagen was neutralized on ice using 10 x PBS, dH2O and 0.75 N NaOH.  The 

following formula was used: 

 Final volume needed = mL of 10 X PBS 
              10 

 Final volume needed x final collagen concentration in mg/mL = mL of  
Concentration of Stock Rat Tail Collagen   collagen to     

be added 
 

Volume of Collagen to be added x 0.023 = Volume of 0.75 N NaOH to be  
added 

 
Final volume-(volume of collagen to be added-volume of 10 x PBS-volume 
of 0.75 N NaOH to be added) = volume of dH2O to be added. 

 

A base layer (300 µL/well) of neutralized collagen was added to a 24-well tissue 

culture plate (Falcon, #353047) and allowed to gel at room temperature for 5 

minutes.  The re-suspended cells were then added to the remaining neutralized 
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collagen and a 500 µL collagen-cell suspension was seeded directly onto the 

base layer of each well.  Collagen was then allowed to gel for 20-30 min at 37°C 

and then appropriate medium was added to each well, and plates were then 

placed in an incubator at 37°C, 5% CO2 in air. 

 Cells were allowed to differentiate for 8 d in a DMEM/F-12 (# 56495C; 

SAFCO Biosciences, Lenexa, KS), with 10 mM sodium acetate, 100 ng/mL 

human insulin like growth factor I (IGF-I; NIDDK), 25 ng/mL human epidermal 

growth factor (EGF; #E-9644; Sigma, St. Louis, MO), 0.5 ng/mL insulin (#I-6634; 

Sigma, St. Louis, MO), 0.1% bovine serum albumin (#A-9418; Sigma, St. Louis, 

MO) and 1:100 of antibiotic/antimycotic (#15240-062, Gibco, Grand Island, NY).  

After 8 d, collagen gels were rimmed (gel released) and switched to a lactogenic 

medium containing 100 ng/mL human IGF-1 (NIDDK), 10 ng/mL hydrocortisone 

(#H-0888; Sigma, St. Louis, MO), 100 ng/mL bovine PRL (NIDDK), 0.1% bovine 

serum albumin (#A-9418; Sigma, St. Louis, MO), and 1:100 antibiotic/antimycotic 

(#15240-062, Gibco, Grand Island, NY) plus respective treatment.  Collagen gels 

were stored at 4 gels/4 mL of TRIzol Reagent (Invitrogen, Carlsbad, CA) at -80°C 

until RNA extraction or were digested with 0.1% collagenase I (Collagenase Type 

1, Worthington Biochemical Corp., Lakewood, NJ) in Hank’s Balanced Salt 

Solution with 4% bovine serum albumin for 20 min at 37°C (Rocha et al., 1985).  

Mixture was then centrifuged for 4 min at 100 x g and supernatant was removed.  

Cells were then washed with Medium 199 (M199), centrifuged for 4 min at 100 x 

g, and supernatant was removed.  Cell pellets were stored at -80°C until 
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immunoblotting, caspase 3 activity and enzyme-linked immunoabsorbent assays 

were conducted. 

 

RNA Isolation  

Total RNA was isolated from cell culture samples using TRIzol Reagent 

(Invitrogen, Carlsbad, CA).  For precipitation, only half of the recommended 

volume of isopropanol was used, with the other half being replaced with a salt 

solution (0.8 M sodium citrate, 1.2 M NaCl).  RNA concentration, purity and 

integrity were confirmed spectrophotometrically using a Nanodrop (ND-1000; 

Nanodrop Technologies, Wilmington, DE).  

 

DNase Treatment and Complementary Deoxyribonucleic Acid (cDNA) 

Synthesis  

 One microgram of total RNA was isolated from a pooled sample of 4 gels 

(which represents one replication), respectively, and DNase-treated at room 

temperature for 15 min in 10 µl reaction containing 0.5 U DNase I (# 18068-015; 

amplicfication grade, Invitrogen, Carlsbad, CA).  EDTA was added to a final 

concentration of 2.5 mM and the DNase was inactivated at 65°C for 15 min.  

Resulting RNA was used for cDNA synthesis (20 µl reactions) using iScript cDNA 

synthesis Kit  per manufacturer’s recommendations (# 170-8890, Bio-Rad, 

Hercules CA).   
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Real-Time qPCR 

Primers for this experiment are listed in Table 3-1.  Primer sequences for 

TPH1, α-lactalbumin, β-casein, and housekeeping genes utilized were obtained 

from Stiening et al., (2008).  All primers were obtained from Operon 

Biotechnologies, Inc. (Huntsville, AL).  Optimal PCR conditions were determined 

for each primer pair by running RT-PCR reactions across a temperature gradient 

(56-64°C).  Polymerase chain reaction products were then separated by gel (2% 

agarose) electrophoresis, stained with ethidium bromide, and visualized with 

ultraviolet light.  Reactions generating the most abundant single product of 

desired base pair length at a respective temperature, were then cleaned with salt 

precipitation for products less than 100 base pairs in length before sequencing.  

All primers utilized for subsequent experiments reproduced sequences 

corresponding to primer sequences for genes of interest.  

Real-time quantitative RT-PCR was conducted using the iCycler IQ Real-

Time PCR Detection System (Bio-Rad, Hercules CA) in a 96-well plate.  

Reaction mixtures contained 10 µL of AbsoluteTM QPCR SYBR Green Mix 

(Abgene, Rockford, IL), 70 nM of each primer, sample or standard cDNA, and 

RNase/DNase-free water to a final volume of 20 µL.  Master mix (SYBR Green, 

primer and water) was pipetted into plate wells followed by addition of 4 µL 

sample or standard curve cDNA.  Plates were then read on the Bio-Rad iCycler 

IQ Real-Time PCR Detection System.  For all 5-HT receptor primers, real-time 

qRT-PCR conditions were 1 cycle of 15 min at 95°C for enzyme activation, 40 
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cycles of 15 sec at 95°C followed by 1 min of 61°C, 64°C, and/or 62°C 

(annealing temperature for TPH1, α-lactalbumin, and β-casein, respectively).  

Hypoxanthine phsophoribosyltransferase I (HPRT1) was selected as the internal 

housekeeping gene (at annealing temperature of 64°C) following standard curve 

analysis across all treatment group samples (ribosomal protein (S18) and 

glyceraldehyde-3-phosphate (GAPDH) were also evaluated).  Resulting gene 

expression data was calculated using the 2-ΔΔCT method (Livak and Schmittgen, 

2001).  Primer sequences are listed in Table 3-1. 

A standard curve was run for each primer pair using a pooled cDNA 

sample consisting of bovine mammary and brain tissue to determine efficiency of 

primers and used for calculations for relative gene expression.  The cycle 

threshold (Ct) for each sample is the point at which the fluorescence crosses the 

threshold.  This cycle number is measured at the point when the increase in 

fluorescene is logarithmic.  Therefore, the Ct is inversely proportional to the 

amount of mRNA for the gene of interest in the respective sample from which the 

cDNA was generated.  Background fluorescence was eliminated by setting 

cycles prior to the exponential amplification phase between cycles 1 and 4 for 

HPRT1, so these cycles were set as the background level of fluorescence. 

Amplification efficiencies for PCR were determined by the following 

equation:  

  Efficiency = 1 - 10(-1/slope) 

Where:  slope = slope of the standard curve 
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For all primer pairs, amplification efficiencies met the manufacturer’s criteria for 

equivalency (Applied Biosystems User Bulletin No. 2, 2001).  For each gene of 

interest, each sample was normalized to the housekeeping gene, HPRT1, to 

account for variability in RNA quality of respective samples and RT efficiencies 

among samples.  Normalization of gene of interest (GOI) to the housekeeping 

gene (HPRT1) resulted in a ΔCt value:   

  ΔCt = CtGOI – CtHPRT1 

Resulting gene expression data was then calculated using the 2-ΔΔCT method 

(Livak and Schmittgen, 2001) and statistics were conducted on these values: 

  Relative Change = 2-ΔΔCt 

 

Where: 2 is based on an optimal PCR efficiency (100%) in which the 

PCR product is replicated every cycle. 

 -ΔΔCt = least square mean of ΔCt for a treatment (BMEC 

lactogenic controls) – least square means of ΔCt for another 

treatment (serotonergic agent treated BMEC). 

 

Western Blots (Immunoblotting) 

 Western blots were performed for the bovine milk proteins α-lactalbumin 

(Bethyl Laboratories, Montgomery, TX) and total casein (Innovative Research, 

Inc., Southfield, MI) on BMEC cultured in collagen and treated with 5-HT and 



 

 

102 

specific 5-HT receptor antagonists and mammary tissue collected from a 

lactating Holstein cow and a dry Holstein cow.  Methods for immunoblotting were 

closely followed as described in Limesand et al., (2003).  Upon termination of 

culture, collagen gels containing the BMEC were digested with 0.1% collagenase 

I (Worthington Biochemical Corp., Lakewood, NJ) Hank’s Balanced Salt Solution 

with 4% bovine serum albumin for 20 min at 37°C (Rocha et al., 1985).  Mixture 

was then spun for 4 min at 500 x g and supernatant was removed.  Cells were 

then washed with M199, centrifuged for 4 min at 500 x g, and supernatant was 

removed.  Cell pellets were stored at -80°C until immunoblotting was conducted.  

Mammary tissue was extracted by homogenization of 0.1-0.25 g of pulverized 

tissue in 0.5 mL RIPA lysis buffer (150 mM NaCl, 50 mM Tris, pH 7.4, 2 mM 

EGTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM DTT, 

1% DOC(DCA), 50 mM NaF).  Phenylmethylsulfonyl fluoride was added at a 

concentration 100 µg/ml to prevent protein degradation.  Samples were boiled for 

10 min, and sonicated until homogenous.  Total protein concentration was 

determined using the Pierce BCA Protein Assay (Pierce Chemical Company, 

Rockford, IL). 

 Cellular lysates were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM 

Tris, pH 7.4, 2 mM EGTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% 

SDS, 1 mM DTT, 1% DOC(DCA), 50 mM NaF) supplemented with 100 U/mL 

aprotinin (Pierce Chemical Company), 1mM sodium orthovandate, and 

phenylmethylsulfonyl fluoride.  Bovine mammary epithelial cellular lysates were 
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obtained by centrifugation at 4°C for 15 min at 10,000 x g.  Protein 

concentrations were determined using the BCA Total Protein Assay Kit (Pierce 

Chemical Company, Rockford, IL).  For immunoblotting, 10-100 µg of whole 

cellular proteins were separated on a 12.5% polyacrylamide gel.  Proteins were 

then transferred to a 0.22 µM nitrocellulose membrane (Bio-Rad, Hercules, CA) 

for 1 h at 100 v at 4°C.  Membranes were blocked in 1% bovine serum albumin in 

1 x tris-buffered saline (TBS) with 0.05% tween-20 (TBS-T) for 1 h.  Membranes 

were washed in TBS-T and then incubated with HRP-conjugated primary 

antibodies for α-lactalbumin (1:10000; Bethyl Laboratories, Montgomery, TX) and 

total casein (1:1000; Innovative Research, Inc., Southfield, MI) in 1% BSA in 

TBS-T, for 1 h at room temperature (per manufacturer’s recommendation).  

Membranes were washed 2 x 5 min, 2 x 10 min and 2 x 15 min in TBS-T.  West 

Pico Chemiluminescence (Pierce, Rockford, IL) was used according to the 

manufacturer’s instructions to detect immunoblotted proteins.   

 

Enzyme-linked immunoabsorbent assay for α-lactalbumin  

Enzyme-linked immunoabsorbent assays were performed for the milk 

protein α-lactalbumin (Bethyl Laboratories, Montgomery, TX) on BMEC cultured 

in collagen and treated with 5-HT and specific 5-HT receptor antagonists.  Upon 

termination of culture, collagen gels containing the BMEC were digested with 

0.1% collagenase I (Worthington Biochemical Corp., Lakewood, NJ) in 1x Hank’s 

Balanced Salt Solution with 4% bovine serum albumin for 20 min at 37°C (Rocha 
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et al., 1985).  Mixture was then centrifuged for 4 min at 500 x g and supernatant 

was removed.  Cells were then washed with M199, centrifuged for 4 min at 500 x 

g, and supernatant was removed.  Cell pellets were stored at -80°C until cell lysis 

was conducted. 

 Cellular lysates were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM 

Tris, pH 7.4, 2 mM EGTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% 

SDS, 1 mM DTT, 1% DOC(DCA), 50 mM NaF) supplemented with 100 U/mL 

aprotinin (Pierce Chemical Company), 1 mM sodium orthovandate, and 

phenylmethylsulfonyl fluoride.  Lysates were clarified by centrifugation at 4°C for 

15 min at 10,000 x g.  Protein concentrations were determined using the BCA 

Total Protein Assay Kit (Pierce Chemical Company, Rockford, IL). 

 Plates were coated with coating buffer (0.05 M carbonate-bicarbonate, pH 

= 9.6) with 1:100 dilution of capture antibody (#A10-128A, goat anti-bovine α-

lactalbumin, Bethyl laboratories, Montgomery, TX).  Plates were incubated for 1 

hr at room temperature and washed 3 x with 0.05% TBS-T.  Plates were then 

blocked with 1% bovine serum albumin in 0.05% TBS-T for 30 min and washed 3 

x with 0.05% TBS-T.  Samples were concentrated to a volume of 50 µL from 500 

µL using an Ultracel, 10,000 molecular weight column with regenerated cellulose 

(# UFC-801024, Millipore, Billerica, MA) and loaded into microtiter plates in a 100 

µL volume in duplicate and allowed to incubate for 1 h at room temperature.  

Wells were then washed 5 x with 0.05% TBS-T.  The HRP conjugate (#A10-

128P, HRP goat anti-bovine α-lactalbumin, Bethyl Laboratories, Montgomery TX) 
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at a dilution of 1:100000 was used at room temperature for 1 h.  Plates were then 

washed 5 x with 0.05% TBS-T and were then incubated with TMB substrate, to 

detect milk protein levels, for 5-30 min.  The reactions were stopped with 2 M 

H2SO4.  Plates were read at A450 on a microtiter plate reader (Molecular Devices, 

Sunnyvale, CA).  A standard curve using pure α-lactalbumin (# 61289, Sigma, St. 

Louis, MO) was run.  Detection limits of the assay were 1000-0.78 ng/mL.  

Results were reported on a total protein amount loaded basis (pg α-lactalbumin 

/µg protein loaded). 

 

Enzyme linked immunoabsorbent assay for total casein  

Enzyme-linked immunoabsorbent assays were performed for total casein 

on BMEC cultured in collagen and treated with 5-HT and specific 5-HT receptor 

antagonists.  Upon termination of culture, collagen gels containing the BMEC 

were digested with 0.1% collagenase I (Worthington Biochemical Corp., 

Lakewood, NJ) Hank’s Balanced Salt Solution with 4% bovine serum albumin for 

20 min at 37°C (Rocha et al., 1985).  Mixture was then centrifuged for 4 min at 

500 x g and supernatant was removed.  Cells were then washed with M199, 

centrifuged for 4 min at 500 x g, and supernatant was removed.  Cell pellets were 

stored at -80°C until cell lysis was conducted. 

 Cellular lysates were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM 

Tris, pH 7.4, 2 mM EGTA, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% 

SDS, 1 mM DTT, 1% DOC(DCA), 50 mM NaF) supplemented with 100 U/mL 



 

 

106 

aprotinin (Pierce Chemical Company), 1 mM sodium orthovandate, and 

phenylmethylsulfonyl fluoride.  Lysates were clarified by centrifugation at 4°C for 

15 min at 10,000 x g.  Protein concentrations were determined using the BCA 

Total Protein Assay Kit (Pierce Chemical Company, Rockford, IL). 

 Plates were coated with coating buffer (0.05 M carbonate-bicarbonate, 

pH=9.6) with a 1:300 dilution of capture antibody (#SCAS-10A, affinity-purified 

sheep anti-bovine casein, Innovative Research, Novi, MI).  Plates were incubated 

for 1 h at room temperature and washed 3 x with 0.05% TBS-T.  Plates were 

then blocked with 1% BSA in 0.05% TBS-T for 30 min and washed 3 x with 

0.05% TBS-T.  Samples were concentrated to a volume of 50 µL from 500 µL 

using an Ultracel, 10,000 molecular weight column with regenerated cellulose (# 

UFC-801024, Millipore, Billerica, MA) and loaded into microtiter plates in a 100 

µL volume in duplicate and allowed to incubate for 1 h at room temperature.  

Wells were then washed 5 x with 0.05% TBS-T.  The HRP conjugate (#SCAS-

10P, HRP conjugated sheep anti-bovine casein, Innovative Research, Novi, MI) 

at a dilution of 1:4000 was used at room temperature for 20 min.  Plates were 

then washed 5 x with 0.05% TBS-T and were then incubated with TMB substrate, 

to detect milk protein levels, for 5-30 min.  The reactions were stopped with 2 M 

H2SO4.  Plates were read at A450 on a microtiter plate reader (Molecular Devices, 

Sunnyvale, CA).  A standard curve using β-casein (#C-6905, Sigma, St. Louis, 

MO) was conducted.  Detection limits were 800-1.56 ng/mL.  Final values were 
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reported on total amount of protein loaded per sample (pg casein/µg protein 

loaded). 

 

Caspase 3 Activity Assay 

 Activation of caspase 3 was quantified using BioMol QuantiZyme 

Colormetric Assay kit (BioMol, Plymouth Meeting, PA; Limesand et al., 2003).  

Caspase 3 is a primary mediator of caspase acitivity in cells that undergo 

apoptosis.  Methods followed were based upon previous research (Limesand et 

al., 2003).  Upon termination of culture, collagen gels containing the primary 

BMEC were digested with 0.1% collagenase I (Worthington Biochemical Corp., 

Lakewood, NJ) in 1x Hank’s Balanced Salt Solution with 4% bovine serum 

albumin (#A-9418; Sigma, St. Louis, MO) for 20 min at 37°C (Rocha et al., 1985).  

Mixture was then centrifuged for 4 min at 500 x g and supernatant was removed.  

Cells were then washed with M199, centrifuged for 4 min at 500 x g, and 

supernatant was removed.  Cell pellets were stored at -80°C until caspase 3 

activity assay was conducted. 

 Primary BMEC were lysed in 150 µL of a caspase 3 activity specific cell 

lysis buffer (50 mM hepes, pH 7.4; 0.1% CHAPS; 5 mM DTT, and 0.1 mM EDTA) 

supplemented with 0.1% Triton-X, aprotinin (4 µg/mL), prefebloc (0.5 mg/mL), 

and leupeptin (2 µg/mL).  Samples were incubated on ice for 5 min and then 

centrifuged at 10,000 x g at 4°C for 10 min.  Protein concentrations of 

supernatant collected were determined using the BCA Protein Assay Kit following 
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manufacturer’s instructions (Pierce Chemical Company, Rockford, IL).  Caspase 

3 activity in 15 µg of BMEC cellular lysate was measured by the cleavage of Ac-

DEVD-pNA and absorbance at A405 was estimated in a 96-well mircrotiter plate 

reader (Molecular Devices, Sunnyvale, CA) at 10 min intervals for 7 h (Limesand 

et al., 2003).  Calculations for total caspase 3 activity in BMEC treated with 5-HT 

and selective 5-HT receptor antagonists were conducted using the following 

formulas: 

(1) Conversion Factor = (Average standard OD – Average blank OD)*1000 

(2) Conversion Factor/50 µM = milli OD of unknown samples/ X µM (104/15 µg 

protein). 

 

Cell Culture Experiment 1 Setup and Sampling Procedures 

Tissue dissociation, BMEC isolation and preparation of Type 1 collagen 

was performed according to Collier et al., (2006).  Cell isolates were thawed, re-

suspended in DMEM/F-12 (# 56495C; SAFCO Biosciences, Lenexa, KS), mixed 

with neutralized collagen and cultured in 24-well plates as described (Collier et 

al., 2006).  Stock collagen was neutralized on ice using 0.75 N NaOH.  A base 

layer (300 µL/well) of neutralized collagen was added to a 24-well tissue culture 

plate (Falcon, BD Biosciences, San Jose, CA) and allowed to gel at room 

temperature for 5 min.  The re-suspended cells were then added to the remaining 

neutralized collagen and a 500 µL collagen-cell suspension was seeded directly 

onto the base layer of each well.  Collagen was then allowed to gel for 20-30 min 
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at 37°C and then appropriate medium was added to each well, and plates were 

then placed in an incubator at 37°C, 5% CO2 in air. 

Cultures initially received a serum-free basal medium consisting of 

DMEM/F-12, 0.1% BSA, antibiotic-antimycotic (100 U/mL penicillin, 100 µg/mL 

streptomycin, and 0.25 µg amphotericin B; 15240, Invitrogen Corp., Carlsbad, 

CA).  The growth factors (recombinant human IGF-1, 100 ng/mL; Dr. A. F. 

Parlow, NIDDK, Torrance, CA) and recombinant-human EGF (25 ng/mL; 13247-

051, Invitrogen) were included to induce proliferation and ductal development.  

Media was exchanged every 48 h for 8 d.  Lactogenesis was induced after 8 d 

using the same basal medium without EGF, plus hydrocortisone (10 ng/mL; H-

0396, Sigma, St. Louis, MO), recombinant bovine PRL (100 ng/mL; Dr. A. F. 

Parlow, NIDDK) and gel release (detachment of the polymerized collagen from 

the surface of the well).  The effects of lactogenesis on TPH-1 gene expression, 

was determined with and without PRL in the lactogenic medium.  Samples 

receiving the lactogenic complex with PRL served as a positive control and 

without PRL served as a negative control to which treatments were compared: 

4.2 µg/ml (20 µM 5-HT; #H-9523; Sigma, St. Louis, MO) with and without PRL, 

9.38 µg/ml (20 µM METH; #M-137; Sigma, St. Louis, MO) with and without PRL, 

and 3.98 µg/m/l (20 µM PCPA; #C-8655; Sigma, St. Louis, MO) a 5-HT synthesis 

inhibitor with and without PRL (Figure 3-1).  A total of 4 gels per replicate were 

utilized for RNA extraction and 4 separate replicates of this design were carried 
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out.  Concentrations of various treatments were chosen based on preliminary 

experiments conducted by Stiening, (2005). 

 

Cell Culture Experiment #2 Setup and Sampling Procedures 

Tissue dissociation, BMEC isolation and preparation of Type 1 collagen 

was performed according procedures previously described in Cell Culture 

Experiment #1.  Cultures initially received a serum-free basal medium consisting 

of DMEM/F-12, 0.1% bovine serum albumin, antibiotic-antimycotic (100 U/mL 

penicillin, 100 µg/mL streptomycin, and 0.25 µg amphotericin B; 15240, 

Invitrogen Corp., Carlsbad, CA).  The growth factors (recombinant human IGF-1, 

100 ng/mL; Dr. A. F. Parlow, NIDDK, Torrance, CA) and EGF (25 ng/mL; 13247-

051, Invitrogen) were included to induce proliferation and ductal development.  

Media was exchanged every 48 h for 8 d.  Lactogenesis was induced after 8 d 

using the same basal medium without EGF, plus hydrocortisone (10 ng/mL; H-

0396, Sigma, St. Louis, MO), recombinant bovine PRL (100 ng/mL; Dr. A. F. 

Parlow, NIDDK) and gel release (detachment of the polymerized collagen from 

the surface of the well). 

The effects of selective 5-HT receptors antagonists for the 1B (SB-

224289; #S-201, Sigma, St. Louis MO), 2A (ritanserin; #R-103, Sigma St. Louis, 

MO), 2B (SB-204741; #S-0693, Sigma, St. Louis, MO), 4 (SB-204070; #S-3313, 

Sigma, St. Louis, MO) and 7 (pimozide; #P-1793, Sigma, St. Louis, MO) 

receptors were investigated.  Concentrations used for all compounds were 0.1, 
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1.0, and 10 µM, except for SB-204070, for which the concentrations of 0.0001, 

0.01, and 1.0 µM were utilized.  Concentrations were chosen based on previous 

cell culture experiments in other tissues in which these compounds were utilized 

(Prins et al., 1997; Ishine et al., 2000; Mialet et al., 2000; Ruddell et al. 2006; 

Siddiqui et al., 2006).  The effects specific 5-HT receptor antagonists have on 

mRNA expression of the milk protein genes α-lactalbumin and β-casein during 

lactogenesis was investigated.  Cells treated with the lactogenic media only, plus 

gel release served as the control. Cells were treated lactogenically for 48 h.  At 

the termination of lactogenic treatments, gels were harvested and treated for 

RNA extraction and stored at -80°C (Figure 3-2).  A total of 4 gels per replicate 

were utilized for RNA extraction and 3 separate replicates of this design were 

carried out. 

 

Cell Culture Experiment #3 Setup and Sampling Procedures 

Tissue dissociation, BMEC isolation and preparation of Type 1 collagen 

was performed according procedures previously described. 

Cultures initially received a serum-free basal medium consisting of 

DMEM/F-12 (# 56495C; SAFCO Biosciences, Lenexa, KS), 0.1% BSA, antibiotic-

antimycotic (100 U/mL penicillin, 100 µg/mL streptomycin, and 0.25 µg 

amphotericin B; 15240, Invitrogen Corp., Carlsbad, CA).  The growth factors 

(recombinant human IGF-1, 100 ng/mL; Dr. A. F. Parlow, NIDDK, Torrance, CA) 

and EGF (25 ng/mL; 13247-051, Invitrogen) were included to induce proliferation 
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and ductal development.  Media was exchanged every 48 h for 8 d.  

Lactogenesis was induced after 8 d using the same basal medium without EGF, 

plus hydrocortisone (10 ng/mL; H-0396, Sigma, St. Louis, MO), recombinant 

bovine PRL (100 ng/mL; Dr. A. F. Parlow, NIDDK) and gel release (detachment 

of the polymerized collagen from the surface of the well). 

The effects of selective 5-HT receptors antagonists for the 1B (SB-

224289; #S-201, Sigma, St. Louis MO), 2A (ritanserin; #R-103, Sigma St. Louis, 

MO), 2B (SB-204741; #S-0693, Sigma, St. Louis, MO), 4 (SB-204070; #S-3313, 

Sigma, St. Louis, MO) and 7 (pimozide; #P-1793, Sigma, St. Louis, MO) 

receptors were investigated.  Concentrations of antagonists were selected based 

on response of pBMEC to dose response study (cell culture experiment #2), with 

concentrations resulting in the greatest effect on milk protein gene expression 

being utilized for this study.  Treatments were 200 µM 5-HT, 0.1 µM pimozide, 

1.0 µM ritanserin, 0.0001 µM SB-204070, 0.1 µM SB-204741, and 1.0 SB-

224289.  The effects 5-HT and specific 5-HT receptor antagonists have on 

expression the milk proteins, α-lactalbumin and β-casein, during lactogenesis 

was investigated, as well as the effects on apoptosis.  Cells treated with the 

lactogenic media only, plus gel release served as the control. Cells were treated 

lactogenically for 48 h (Figure 3-3).  At the termination of lactogenic treatments, 

gels were harvested and treated for protein isolation for immunoblotting and 

enzyme-linked immunoabsorbent assays for the milk proteins casein (α, β, and 

κ) and α-lactalbumin, and/or caspase 3 activity and stored at -80°C. 
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STATISTICAL ANALYSIS 
Cell Culture Experiment 1  

 A one-way analysis of variance was conducted on quantitative real-time 

RT-PCR data using gene expression relative to the negative control (lactogenic 

media, without PRL) in a respective sample, with the PROC MIXED procedure of 

SAS (SAS, 9.3, SAS Institute, Cary, NC).  Graphical representation of data is 

represented by expression of treatments relative to the negative control (2-ΔΔCT).  

The ΔΔCT was calculated as ΔCT of a respective treatment minus ΔCT of the 

negative control. 

Cell Culture Experiment 2  

 A one-way analysis of variance was conducted on quantitative real-time 

RT-PCR data using gene expression relative to the control (lactogenic media + 

gel release) in a respective sample, with the PROC MIXED procedure of SAS 

(SAS, 9.3, SAS Institute, Cary, NC).  Additionally, linear, quadratic, and cubic 

trends for concentration responses for all selective 5-HT receptor antagonists 

were tested using PROC GLM procedure of SAS (SAS, 9.3, SAS Institute, Cary, 

NC).  Contrast statements using orthogonal polynomial coeffecients were utilized 

for equally spaced concentrations of selective receptor antagonists (Appendix C).  

Graphical representation of data is represented by expression of treatments 

relative to the negative control (2-ΔΔCT).  The ΔΔCT was calculated as ΔCT of a 

respective treatment minus ΔCT of the negative control. 

Cell Culture Experiment 3  
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 A one-way analysis of variance was conducted on results from enzyme-

linked immunoabsorbent assays for total casein and α-lactalbumin, and caspase 

3 activity assay results, with the PROC MIXED procedure of SAS (SAS, 9.3, SAS 

Institute, Cary, NC).  

RESULTS 
Cell Culture Experiment 1 

 A serum-free growth medium supplemented with IGF-1 and EGF was 

used to promote proliferation of BMEC for 8 d, prior to the induction of 

differentiation.  Bovine MEC embedded in collagen gels differentiate in response 

to a lactogenic complex consisting of IGF-1, PRL and hydrocortisone, as well as 

“releasing” the gel from culture plate well (Stiening, 2005; Stiening et al., 2008).  

Lactogenic treatment induces dramatic morphological and ultra structural 

differentiation representative of a BMEC undergoing stage I lactogenesis 

(Stiening, 2005; Stiening et al., 2008).  Prolactin up-regulated expression of the 

TPH-1 gene regardless of treatment, (P < 0.004, Figure 3-4), while PCPA, 

particularly in the absence of PRL, down-regulated its expression (P < 0.0001, 

Figure 3-4).  In 5-HT treated cultures with PRL, TPH-1 expression was up-

regulated (P < 0.05) relative to the negative control or 5-HT without PRL.  Thus, 

PRL appears to up-regulate expression of TPH-1 in BMEC and blocking TPH-1 

enzyme activity or the 5-HT receptor(s) was associated with down-regulation of 

the TPH-1 gene. 
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The effects of 5-HT, the non-selective 5-HT receptor antagonist (METH), 

and an inhibitor of TPH-1 activity (PCPA) on milk protein gene expression were 

all tested using IGF-I and hydrocortisone in the culture media with and without 

the presence of PRL.  Exogenous 5-HT with and without PRL, down-regulated α-

lactalbumin mRNA expression relative to the control with PRL and PCPA with 

PRL (P < 0.05; Figure 3-5).  Treatments consisting of METH with and without 

PRL and PCPA with PRL p-regulated α-lactalbumin mRNA expression (P < 0.01; 

Figure 3-6).  Additionally, β-casein mRNA expression was down-regulated by 

exogenous 5-HT and exhibited expression levels similar to the control without 

PRL (Figure 3-7).  Down-regulation of TPH-1 activity with PCPA, in combination 

with PRL, up-regulated β-casein mRNA expression relative to all treatments (P < 

0.001; Figure 3-7).   

 

Cell Culture Experiment 2 

The effects of SB-224289 (a 5-HT1B receptor antagonist), SB-204070 (a 5-

HT4 receptor antagonist), ritanserin (a 5-HT2A receptor antagonist), SB-204741 (a 

5-HT2B receptor antagonist), and pimozide (a 5-HT7 receptor antagonist) on milk 

protein gene expression were all tested using IGF-I and hydrocortisone in the 

culture media with PRL.  Exogenous SB-224289, at a dose of 1.0 µM up-

regulated α-lactalbumin mRNA expression (P < 0.001; Figure 3-7) relative to the 

control, doses of 0.1 and 10 µM and all doses of SB-204070 (0.001, 0.1, and 1.0 

µM; Figure 3-10).  Additionally, SB-224289 treatments resulted in a significant 
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quadratic (P = 0.007) and cubic (P < 0.001) response for α-lactalbumin mRNA 

expression.  Exogenous ritanserin, at all three doses (0.1, 1.0 and 10.0 µM), 

increased α-lactalbumin mRNA expression (P < 0.05; Figure 3-8).  The 1.0 µM 

dose of ritanserin had the greatest effect on α-lactalbumin mRNA expression, 

with a 16-fold increase relative to the control (P < 0.001; Figure 3-8).  

Furthermore, doses of ritanserin resulted in significant linear, quadratic and cubic 

α-lactalbumin mRNA expression responses (P = 0.009; P < 0.0001; and P = 

0.0003, respectively).  We failed to detect any effect of pimozide (0.1, 1.0 and 10 

µM; Figure 3-11), and SB-204741 (0.1, 1.0 and 10 µM; Figure 3-9) on α-

lactalbumin mRNA expression (P > 0.05).  Doses of SB-204741 and SB-204070 

had no significant effect on linear, quadratic or cubic trends on α-lactalbumin 

mRNA expression (P > 0.05).  Finally, doses of pimozide resulted in a significant 

cubic effect on α-lactalbumin mRNA expression (P = 0.01). 

The 0.1 µM dose of SB-224289 and SB-204070 increased β-casein 

mRNA expression (P < 0.05; Figures 3-12 and 3-15, respectively) relative to the 

control.  Additionaly, doses of SB-2224289 resulted in a significant cubic 

response on β-casein mRNA expression (P = 0.02), while doses SB-204070 had 

no significant effects on linear, quadratic or cubic β-casein mRNA expression 

responses (P > 0.05). The 0.1 µM dose of pimozide, and the 1.0 µM dose of 

ritanserin significantly increased β-casein mRNA expression relative to the 

control (P < 0.05; Figures 3-16 and 3-13, respectively).  Doses of pimozide had a 

significant cubic response on β-casein mRNA expression (P = 0.03), while 
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ritanserin exhibited significant linear (P =0.01) and cubic effects (P < 0.007)  SB-

204741 had no apparent effects on β-casein mRNA expression (P > 0.05; Figure 

3-14), although doses resulted in significant linear (P < 0.0001) and quadratic 

effects (P = 0.0003). 

 

Cell Culture Experiment 3 

 Primary BMEC were treated with a serum-free proliferation media for 8 d.  

Cells were then switched to a lactogenic complex with gel release for 48 h to 

induce structural and morphological differentiation.  Treatments included the 

following: 200 µM 5-HT, 0.1 µM pimozide (7 receptor antagonist), 1.0 µM 

ritanserin (2A receptor antagonist), 0.0001 µM SB-204070 (4 receptor 

antagonist), 0.1 µM SB-204741 (2B receptor antagonist), and 1.0 µM SB-224289 

(1B receptor antagonist).  Doses were chosen based on results of cell culture 

experiment 2. 

Western immunoblotting procedures were conducted on cellular lysates of 

BMEC treated with 5-HT and 5-HT receptor antagonists for the milk protein of α-

lactalbumin and casein (α, β, and κ).  Protein levels of α-lactalbumin and total 

casein were undetectable in BMEC by western blot (see Appendix B for 

description of protocols).  A variety of techniques were employed to obtain a 

clean blot such as different blocking solutions, different concentrations of primary 

and secondary antibodies, different incubation lengths, and different types of 

transfer membranes.  Upon conduction of enzyme-linked immunoabsorbent 
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assays it was determined that protein levels of α-lactalbumin and casein (α, β, 

and κ) were present in the picogram per microgram of total protein loaded 

(Figures 3-17 and 3-18).  Total casein was detected in the range of 320-1000 

pg/µg total protein loaded, while α-lactalbumin was present in the range of 21-

180 pg/µg total protein loaded.  Immunoblotting for α-lactalbumin and total casein 

in lactating bovine mammary tissue was positive, confirming antibody 

functionality.  Serotonin significantly decreased total casein protein (P < 0.001; 

Figure 3-18) and α-lactalbumin protein (P < 0.0001; Figure 3-17).  SB-224289 

tended to increase α-lactalbumin protein levels relative to the control (P = 0.06; 

Figure 3-16).  Pimozide decreased α-lactalbumin protein levels relative to the 

control (P < 0.0006; Figure 3-17).  All other treatments had no detectable effects 

on α-lactalbumin protein levels (P > 0.05).  All 5-HT receptor antagonists did not 

apparently affect total casein protein levels in primary BMEC (P > 0.05; Figure 3-

18). 

Treatment of BMEC with 1.0 µM 5-HT 1B and 2A receptor antagonists 

(SB-224289 and ritanserin, respectively) increased caspase 3 activity (P < 0.05 

and P < 0.001, respectively; Figure 3-19).  Serotonin and all other 5-HT receptor 

antagonists did not affect caspase 3 activity levels, and therefore apoptosis (P > 

0.05).   

 

DISCUSSION 
Experiment 1 
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 Serotonin’s role has only recently been evaluated in BMEC (Stiening, 

2005; Stiening et al., 2008).  However, the studies carried out by Stiening (2005) 

and Stiening et al., (2008), did not identify the specific 5-HT receptors or the 

effects of specific 5-HT receptor antagonists on milk protein gene expression.  

There have been reports demonstrating that 5-HT affects teat smooth muscle 

motility in the bovine (VanDeputte-Van Messom et al., 1985) and mammary 

vasculature contractility in the sow (Busk et al.,1999).  We have demonstrated 

that TPH-1 (the rate limiting enzyme for 5-HT synthesis) is expressed in BMEC 

and is up-regulated by PRL (Figure 3-4; P < 0.001) and was decreased by 

PCPA, which blocks TPH-1 action inhibitor, relative to the control with PRL 

(Figure 3-4; P < 0.0001).  Prolactin removal down-regulated TPH-1 mRNA 

expression in BMEC, and therefore milk protein gene expression.  Prolactin has 

been demonstrated to regulated TPH-1 (Matsuda et al., 2004).  Additionally, 

adding 5-HT to cultures containing lactogenic medium reduced mRNA 

expression of α-lactalbumin and β-casein (Figures 3-5 and 3-6).  Down-

regulation of milk protein mRNA expression by 5-HT suggest that 5-HT serves as 

a negative regulator of lactation.  Additionally, up-regulation of milk protein gene 

expression by inhibiting 5-HT synthesis or down-regulation of 5-HT receptor(s) 

further supports this hypothesis.  Similar results were observed in primary mouse 

mammary epithelial cells (Matsuda et al., 2004).  In the case of α-lactalbumin, a 

protein necessary for lactose synthesis, PCPA with PRL resulted in the highest 

level of mRNA expression.  Inhibiting 5-HT receptor(s) with METH, with and 
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without PRL, rescued α-lactalbumin gene expression relative to 5-HT treated 

cells with and without PRL.  β-casein mRNA expression was also increased by 

PCPA with and without PRL and METH with and without PRL compared to 5-HT 

with and without PRL.  The largest increase in both α-lactalbumin and β-casein 

mRNA expression was caused by the TPH-1 action inhibitor, PCPA in 

combination with PRL, indicating that both inhibition of 5-HT synthesis and 

stimulation by PRL is important in up-regulating milk protein gene expression.  It 

appears that inhibiting 5-HT synthesis directly by blocking its rate-limiting 

enzyme, has more profound effects on milk protein gene expression than broad-

spectrum antagonism of the receptors.  Furthermore, it is possible that the use of 

a broad-spectrum receptor antagonist (METH), did not have a large affect on milk 

protein gene expression because it was acting on too many receptor subtypes (5 

are present in the bovine mammary gland), and therefore its actions was diluted.  

Further increases in milk protein gene expression in BMEC might be possible if 

the specific 5-HT receptor(s) in the mammary gland were identified and blocked.   

There are numerous 5-HT receptor subclasses that function in different 

manners, such as inhibiting cAMP, stimulating cAMP, stimulating IP3 and 

diacylglycerol, and finally by stimulating ion channels (Glennon et al., 1995).  

Recently, the 5-HT2A receptor subtype was identified in the MCF-7 human breast 

cancer cell line (Sonier et al., 2006).   Furthermore, Stull et al. (2007) recently 

demonstrated that the 5-HT7 receptor was present on the baso-lateral surface of 

human and mouse mammary epithelial cells and was involved in tight junction 
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regulation.  Antagonist and agonists for this receptor altered TEER suggesting 

that one potential feedback action of 5-HT involves regulation of these junctions, 

which are critical to maintaining transepithelial gradients.  It is possible that some 

or all of these have direct or indirect effects on milk synthesis and secretion.  It is 

known that 5-HT is a potent mammary vasoconstrictor (VanDeputte-Van 

Messom et al., 1985) and affects teat smooth muscle motility in the bovine (Van 

Deputte-Van Messom et al., 1985).  Therefore, determining the specific pathway 

in which 5-HT exerts its inhibition is necessary to elucidate the mechanism of 5-

HT’s action in the bovine mammary gland.   

 

Experiment 2 

 The effects of specific receptor antagonists on BMEC had previously not 

been conducted.  Selective 5-HT receptor antagonists were chosen based on 

receptors found to be in the bovine mammary gland and BMEC.  Although some 

linear, quadratic and cubic trends were observed in response to the selective 5-

HT receptor antagonists, the fact that we only used three concentration levels 

and did not perform a time course experiment, it is difficult to determine the 

biological significance of these trends (Appendix C).  SB-224289, a 1B receptor 

antagonist, up-regulated α-lactalbumin, mRNA expression 8-fold in lactogenically 

treated primary BMEC at a dose of 1.0 µM, compared to control treated cells 

(Figure 3-7).  Additionally, the 0.1 µM dose of SB-224289 up-regulated β-casein 

mRNA expression 2.5 fold, relative to the lactogenic control (Figure 3-12).  The 
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1B receptor was demonstrated previously to be highly expressed in bovine 

mammary tissue compared to a moderate level of mRNA expression in BMEC.  

This is likely due to the fact that the receptor is present on other cell types in the 

mammary gland, such as the myoepithelial cells as seen in the previous chapter.  

Antagonism of the 1B receptor has previously been shown to cause 78% growth 

inhibition in prostate cancer cells, and also caused apoptosis of the cells 

(Siddiqui et al., 2006).  Furthermore, the same antagonist was shown to 

decrease cell viability in human grade III transitional cell carcinoma cells 

(SIddiqui et al., 2006).  The 1B receptor subtype is also involved in cholangiocyte 

(epithelial cells that line the intrahepatic and extrahepatic biliary tree) function 

and is proposed to be an autocrine regulator of limiting the growth of the biliary 

tree (DeMorrow et al., 2007).  If the 1B receptor is involved in decreasing cell 

viability in other cell systems, it could be regulating cell viability in the mammary 

gland.  Cell renewal in the mammary gland is crucial to governing lactation 

persistency (Capuco et al., 2006).  Agonism of the 1B receptor subtype resulted 

in an inhibition of the secretin-stimulated cAMP synthesis and protein kinase A 

activity.  The anti-proliferative effects of 5-HT in cholangiocytes, is due to 

enhanced IP3 levels and increased Ca2+ dependent PKC activity and reduced 

cAMP/PKA activity. Inhibition of PKA activity inhibits casein secretion in 

mammary epithelial cells (Boisgard et al., 2001).  In polarized epithelial cells, like 

mammary epithelial cells, PKA stimulates transport of milk proteins from the 

trans-golgi network to apical surface but not the basolateral surface (Muniz et al., 
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1996).  By activation of the 1B receptor, 5-HT potentially could prevent milk 

protein transport and therefore suppress milk production. 

 The 2A receptor antagonist, ritanserin, significantly increased α-

lactalbumin at concentrations of 0.1, 1.0, and 10 µM, although the 1.0 µM 

concentration resulted in a 16-fold increase in expression relative to the control 

(Figure 3-8).  Additionally, the 1.0 µM concentration of ritanserin increased β-

casein mRNA expression 2-fold (Figure 3-13).  mRNA for the 2A receptor in the 

bovine mammary gland and BMEC was low compared to other receptors.  

Despite being expressed at a lower level, use of ritanserin had a significant effect 

on milk protein gene expression and this could be due to increased conversion of 

mRNA to protein.  Administered systemically, ritanserin was shown to block PRL 

responses to agonists of 5-HT (Jorgensen, 2007).  In hepatic stellate cells, 

ritanserin caused repression of proliferation and stimulation of apoptosis (Ruddell 

et al., 2006).  In the heart, antagonism of the 2A receptor with sarpogrelate 

resulted in a protective effect leading to decreased caspase 3 activity, reduction 

in Bcl2, and a decrease in the prevalance of apoptotic cells (Rajesh et al., 2006).  

Mammary gland turnover (proliferation vs. apoptosis) is important for increasing 

lactation persistency in the bovine (Capuco et al. 2006).  It is possible that 5-HT 

could be working through the 2A receptor to regulate bovine mammary gland 

turnover.  It was found that tyrosine phosphorylation of Jak 2 is followed by 

tyrosine phosphorylation of Stat3 and its translocation to the nucleus.  

Antagonism of the 5-HT2A was shown to down-regulate activation of Jak 2 by 5-
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HT (Guiellet-Deniau et al., 1997; Banes et al., 2005).  Furthermore, it was 

determined that 5-HT activates Jak2, Jak1 and Stat1 by the 5-HT2A receptors in a 

reactive-oxygen species dependent manner.  As mentioned previously the Jak 

2,3/Stat 5 pathway is critical in PRL signal transduction in the mammary gland 

(Watson and Burdon, 1996).  In fact Stat 3 is involved in regulation of involution 

in the mouse mammary gland (Clarkson et al., 2006).  Serotonin could be 

exerting its actions through the 5-HT 2A receptor in relation to PRL stimulation of 

the Jak/Stat pathway which leads to expression of milk protein genes.   

 SB-204070 at 0.0001 µM, increased β-casein mRNA expression relative 

to the control (Figure 3-15).  This compound is an antagonist of the 5-HT4 

receptor.  In the gut, 5-HT enhances the release of acetylcholine and calcitonin 

gene-related peptide from their terminal and from other terminals in prokinetic 

reflex pathway through the 5-HT4 receptor (Gershon, 2004).  Agonism of this 

receptor with tegaserod, a partial agonist, is used in the treatment irritable bowel 

syndrome associated with constipation.  Serotonin activation of the 5-HT4 

receptor is responsible for the inhibition of apical Na+/H+ exchange activity in the 

gut by 60% (Gill et al., 2005).  Enterochromaffin cells are capable of releasing 5-

HT both into the mucosa and blood circulation, and it was shown that 5-HT 

exerts its action on Na+/H+ exchange activity when applied basolaterally or 

apically.  Antagonism of the 5-HT4 receptor, with 300 nm/L RS-39604 alone, 

inhibited 5-HT effects on Na+/H+ exchange activity (Gill et al., 2005).  It was 

determined that the 5-HT4 receptor exerts its action through activation of Src 
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kinases and subsequent activation of PLCγ1, increased intracellular Ca2+ levels, 

and activation of PKCα.   In rabbit mammary cells, PRL induced Ca2+ 

independent PKC as well as MAP kinase activity (Mitev et al., 1996).  The MAP 

kinase pathway is involved in numerous cellular functions such as cell 

proliferation, differentiation and migration (Nishimoto and Nishida, 2006).  It is 

possible that 5-HT could be acting to through the 4 receptor to regulate cell 

proliferation. 

 Finally, the 0.1 µM dose of pimozide increased β-casein mRNA 

expression relative to the control (Figure 3-16).  Pimozide is a 5-HT7 receptor 

antagonist and was shown to prevent 5-HT inhibition of rhythmic contractions of 

porcine pial veins (Ishine et al., 2000).  In rat hippocampal neurons, the 5-HT7 

receptors activate the ERK 1/2 MAPK pathway potentially suggesting these 

receptors are involved in the action of antidepressants increasing 5-HT 

concentrations (Errico et al., 2001).  As mentioned previously, it is possible that 

5-HT could be exerting its actions on the mammary gland by regulation of cell 

proliferation through the MAP kinase pathway. Furthermore, in cultures of human 

U373 MG astrocytoma cells, the 7 receptor mediates production of interleukin 6 

when stimulated by 5-HT (Lieb et al., 2005).  It was also determined the 

interleukin 6 can also stimulate production of 5-HT, suggesting an 

autocrine/paracrine mechanism.  Interleukin 6 was demonstrated to activate Stat 

3, which is involved in regulation of mammary gland involution (Zhao et al., 

2002).  Zhao et al., (2002) demonstrated that interleukin 6 was up-regulated at 
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the onset of involution in mice in correlation with the activation of Stat 3 and 

p44/42 MAPK.  It was proposed that the biological action of interleukin 6, at 

mammary gland involution, is mediated by the Bcl-2 family members, which 

regulate apoptosis (Zhao et al., 2002).  Furthermore, interleukin 6 is involved in 

the inflammatory response seen in cows with lipopolysaccharide induced mastitis 

(Okada et al., 1999).  When the 7 receptor was antagonized with pimozide, there 

was a dose-dependent decrease in interleukin 6 production by the astrocytoma 

cells.  It was determined that 5-HT regulation of interleukin 6 production in 

astrocytoma cells was mediated by p38 MAPK and PKC ε (Lieb et al., 2005).  In 

addition to the effects of 5-HT through the 7 receptor on interleukin 6, it was 

demonstrated that 5-HT effects contraction of smooth muscle cells.  Inhibition of 

the 5-HT7 receptor, with pimozide, prevented 5-HT inhibition of rhythmic 

contractions in porcine pial veins in a concentration dependent manner (Ishine et 

al., 2000).  The 5-HT7 receptor was determined to be located on venous smooth 

muscle cells.  Serotonin could be mediating its effects on milk production by 

regulation of the myoepithelium and the milk ejection reflex through the 5-HT 7 

receptor.  As mentioned previously, the 5-HT 7 receptor was found to colocalize 

with the myoepithelial cells in the bovine mammary gland, supporting the 

possibility of 5-HT’s regulation of milk ejection through the 7 receptor.  

 A time course experiment, looking at milk protein gene expression 

responses, to selective 5-HT receptor antagonists could prove useful as we only 

measured one timepoint (48 h of treatment) in response to 5-HT receptor 
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antagonists.  Serotonin receptor activation patterns are unknown in the bovine 

mammary gland and could effect milk protein gene expression variably. 

Experiment 3 

 Total casein and α-lactalbumin protein levels have previously not been 

measured in response to 5-HT and 5-HT receptor antagonists in primary BMEC 

cultures.  Western immunoblotting was attempted to determine the effects of 5-

HT and its selective receptor antagonists on milk protein levels.  Levels of the 

milk proteins were undetectable by western analysis. Milk protein composition is 

a direct result of two processes: 1) expression of milk protein encoding genes in 

the mammary epithelial cells and 2) the transfer of plasma-borne proteins 

(Boisgard et al., 2001).  Evaluation of milk proteins in vitro is typically performed 

at the transcriptional level, looking at the accumulation of mRNA for the specific 

milk proteins (Borellini et al., 1989). Personal communication with Dr. Walter 

Hurley, University of Illinois, indicates that western analysis of bovine milk 

proteins in milk works especially well, although in organ and tissue cultures, 

clean blots for the caseins or α-lactalbumin is highly problematic.  Although, in a 

study conducted in CID 9 cells (derived from COMMA-1D cell line, a mouse 

mammary epithelial cell line and are enriched for casein producing cells), 

successful western blots were achieved (Choi et al., 2004).  It was demonstrated 

that IGFBP expression differs in cell lines versus primary cells, as seen 

experiments conducted in BMEC versus MAC-T cells (bovine mammary 

epithelial cell line) (Fleming et al., 2005).  Furthermore, the CID9 cells were 
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enhanced for casein.  There is no intracellular accumulation of the whey proteins 

α-lactalbumin and β-lactoglobulin, but β- and κ-casein accumulate in the 

endoplasmic reticulum of goat mammary epithelial cells (Boisgard et al., 2001). 

Furthermore, Dr. Hurley indicates that the cells turnover milk proteins rapidly for 

export purposes, leading to a lot of protein breakdown.  Additionally, in short-term 

treated lactogenic cultures (as in the case of our system, in which we treat cells 

lactogenically for 48 hr), some casein proteins are undetectable and it is difficult 

to induce production of α-lactalbumin protein in culture at all. 

 Upon conduction of enzyme-linked immunoabsorbent assays, it was 

determined that α-lactalbumin and total casein in cultures of pBMEC were 

present in the pg/µg total protein loaded range.  α-lactalbumin was particulary 

present at low levels (15-200 pg/µg total protein loaded).  Serotonin and 

pimozide (7 receptor antagonist) significantly decreased α-lactalbumin protein 

levels in culture (Figure 3-17).  Additionally, 5-HT significantly decreased total 

casein, although receptor antagonists had no significant effects (Figure 3-18). 

Polyadenylation is the covalent linkage of the poly(A) tail to mRNA that has 

already been transcribed from DNA, producing a mature mRNA for translation 

into proteins (Alberts et al., 2002).  Cytoplasmic polyadenylation is likely 

responsible for hormone dependent enhancement of milk protein translation and 

stability of milk protein mRNAs (Rhoads and Grudzien-Nogalska, 2007). Milk 

proteins exist in non-polyadenylated and polyadenylated forms and the change is 

based on physiological state of the mammary gland, with polyadenylation 
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increasing in lactation and decreasing during early pregnancy.  This suggests 

accumulation of milk proteins upon hormonal stimulation (PRL, INS/IGF-I, GC) is 

due to enhanced milk protein mRNA transcription and stabalization (Rhoads and 

Grudzien-Nogalska, 2007).  Serotonin potentially could be involved in decreasing 

milk protein levels through a decrease in polyadenylation of milk proteins, 

although this mechanism warrants further investigation.   

Effects of 5-HT on milk protein expression is in accordance with our 

mRNA expression data, except for the effects of pimozide, which increased β-

casein mRNA expression at the 1.0 µM dose and had no detectable effect on α-

lactalbumin mRNA levels.  Pimozide, which is typically administered as an anti-

psychotic drug (Orap©), increases serum PRL levels and often causes the side 

effects of irregular menstrual cycles in women and decreased libido in men 

(Orap© information sheet).  Additionally, pimozide was patented as a stimulator of 

lactation by Robert Marsboom, U. S. Patent No. 4005211.  Protein and mRNA 

levels are not always necessarily in accordance, and because it is difficult to 

induce α-lactalbumin protein expression in primary MEC cultures, this should be 

investigated further.  Additionally, SB-224289 (1B receptor antagonist) tended to 

increase α-lactalbumin protein levels, which further supports our expression 

results.   

Caspase 3 activity in BMEC treated with 5-HT or selective 5-HT receptor 

antagonists to date has never been reported.  Caspases are cysteine proteases 

that specifically cleave proteins after aspartic acid residues and are the central 
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mediators of the apoptotic pathway (Thornberry, 1998).  Apoptosis is a process 

critical to the turnover, and hence, persistency of lactation in the bovine and how 

5-HT affects this process is important to understanding how it acts to inhibit 

lactation. Caspase 3 is a member of the Group 2 caspases, which are mediators 

of the effector phase of apoptosis, where they cleave key structural and 

homeostatic proteins (Thornberry, 1998).  Activation of both the death receptor 

and mitochondrial pathways of apoptosis result in caspase 3 activation 

(Hengartner, 2000).  Serotonin treatment did not affect apoptosis in cultures of 

BMEC.  In an experiment conducted in mouse hippocampal neuron-derived HN2-

5 cells, agonism of the 5-HT1A resulted in suppression of caspase-3 activity 

(Adayev et al., 2003).  The proposed mechanism for this action stimulation of 

MAPK via phospholipase β, increasing intracellular Ca2+ concentrations, which 

up-regulates MAPK, which in turn signals to block caspase 3 activity.  The 5-HT 

1B and 2A receptor subtypes also stimulate phospholipase.  Therefore, increase 

in caspase 3 activity in BMEC treated with antagonists to the 1B (SB-224289) 

and 2A (ritanserin) receptors could be due to the suppression of the MAPK 

pathway (Figure 3-19).  Additionally, in pulmonary artery fibroblasts, it was 

demonstrated that agonism of the 2A receptor resulted in enhanced proliferation 

in normoxic and hypoxic cells in a p38 MAP kinase dependent manner (Welsh et 

al., 2004).  When these fibroblasts were treated with a 2A receptor antagonist, 

ketanserin, the enhanced proliferation response was abrogated.    
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During lactation in the bovine there is a considerable amount of cell 

renewal, such that by the conclusion of lactation, most of the cells present were 

formed during that lactation (Capuco et al., 2003).  Perhaps antagonism of the 

2A and 1B receptors leads to increased cell turnover and thus, enhanced cell 

renewal.  The ability of the mammary gland to enhance lactation persistency is 

dependent on epithelial cell turnover and the ability to replenish the epithelial cell 

population.  Without sufficient cell renewal during lactation milk production 

decreases due to a decrease in the number of secretory cells and decreases milk 

production per cell, or the synthetic capacity (Capuco and Akers, 1999).  The 

fraction of apoptotic cells in the dairy cow is higher immediately after dry off and 

in early lactation (0.37% and 0.67%, respectively) than any other periods during 

the lactation cycle (Sorensen et al., 2006).  Apoptotic cells were evaluated by 

TUNEL and mRNA expression of caspase 3.  Sorensen et al. (2006), 

hypothesized that increased apoptosis in early lactation could be due to death of 

nonfunctional or senescent cells, or for removal of excess capacity of newly 

synthesized and yet undifferentiated cells.  Delineation of a potential pathway 

involved in the mechanism of 5-HT antagonists enhancing mammary epithelial 

cell renewal should be further investigated.   

 
 

CONCLUSIONS 
 
 In conclusion, we were able to demonstrate that TPH-1 is expressed in 

BMEC and that is up-regulated by PRL.  Furthermore, we demonstrated that 5-
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HT decreased α-lactalbumin and β-casein mRNA expression in BMEC cultures.  

We were able to up-regulate α-lactalbumin and β-casein mRNA expression with 

addition of METH, PCPA, and the selective 5-HT receptor antagonists SB-

224289 and ritanserin.  β-casein mRNA expression was also up-regulated by 

pimozide and SB-204070 in BMEC.  The 5-HT antagonists SB-224289 and 

ritanserin increased caspase 3 activity in lactogenic BMEC cultures.  Addtionally, 

5-HT decreased α-lactalbumin and total casein protein expression in primary 

BMEC.   

Results of in vitro cultures demonstrate that 5-HT indeed has a 

physiological effect on primary BMEC, and appears to negatively regulate milk 

production, demonstrated by decreases in the primary milk proteins mRNA and 

protein expression when 5-HT was added exogenously to lactogenic cultures.  

The mechanisms underlying 5-HT’s actions in regulation of milk production 

should be further investigated. The 5 receptor subtypes present all couple to a 

different G-protein coupled receptor pathway, which supports the possibility for 

multiple levels of control, which could include and not be limited to the following: 

1) blood flow regulation and its correlation with nutrient supply to the mammary 

gland, 2) tight junction regulation, which is involved in mammary epithelial cell 

efficiency, 3) regulation of regulatory enzymes for milk yield and 4) effects on the 

milk ejection reflex.  Future research should be directed at targeting mechanisms 

further downstream in the receptor pathways to determine how milk protein gene 

expression in regulated.  These in vitro experiments are a starting point for 
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demonstrating 5-HT is involved in feedback inhibition of milk protein synthesis in 

the bovine and provides a starting point for the pathways that should be further 

investigated as potential mechanisms for the regulation of milk protein mRNA 

expression. 
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Table 3-1.  Primer sequences utilized for quantitative real-time RT-PCR1. 

 
1 β-casein was run at an annealing temperature of 64°C, α-lactalbumin at 62°C, 
and TPH-1 at 61°C.  HPRT was used as the housekeeping gene and worked at 
all annealing temperatures used for the primers of interest. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Forward Primer (5’ to 3’) 
 

Reverse Primer (5’ to 3’) 
 

β-casein GCTATGGCTCCTAAGCACAAAGA GGAAACATGACAGTTGGAGGAAG 
 

α-
lactalbumin 

CTCTGCTCCTGGTAGGCATC ACAGACCCATTCAGGCAAAC 
 
 

TPH1 AGAGAATTTACCAAGACAATCAAG
C 

CTTAGCAAGGGCATCACTGAC 
 

HPRT GAGAAGTCCGAGTTGAGTTTGGAA GGCTCGTAGTGCAAATGAAGAGT 
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Figure 3-1. Representative picture of primary bovine mammary epithelial cells 

cultured in collagen gels treated with serotonergic agents with and without 
the presence of prolactin (cell culture experiment #1) upon termination of 
culture (d 10)1. 

 
 
1This figure depicts a representative picture from the experiment in which primary 
BMEC were cultures with serotonergic agents with and without PRL during 
lactogenesis (Cell Culture Experiment # 1).  Picture was taken upon termination 
of experiment and is of the lactogenic control with PRL.  Cells were treated for 8 
d with a proliferation media (IGF-I, EGF, and INS), and were switched to a 
lactogenic media (HC, PRL, IGF-I) with gel release for 48 hr.  No morphological 
differences were evident among treatments. 
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Figure 3-2. Representative picture of primary bovine mammary epithelial cells 

cultured in collagen gels treated with selective serotonin receptor 
antagonists (cell culture experiment # 2) upon termination of culture (d 10)1. 

 
 

 
1This figure depicts a representative picture from the dose response experiment 
in which primary BMEC were cultures with selective 5-HT receptor antagonists 
during lactogenesis (Cell Culture Experiment # 2).  Picture was taken upon 
termination of experiment and is of the lactogenic control with PRL.  Cells were 
treated for 8 d with a proliferation media (IGF-I, EGF, and INS), and were 
switched to a lactogenic media (HC, PRL, IGF-I) with gel release for 48 hr.  No 
morphological differences were evident among treatments. 
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Figure 3-3. Representative picture of primary bovine mammary epithelial cells 
cultured in collagen gels treated with 5-HT and selective 5-HT receptor 
antagonists (cell culture experiment # 3) upon termination of culture (d 10)1. 

 
 
1This figure depicts a representative picture from the experiment in which primary 
BMEC were cultures with 5-HT selective 5-HT receptor antagonists during 
lactogenesis (Cell Cutlure Experiment # 3).  Picture was taken upon termination 
of experiment and is of the lactogenic control with PRL.  Cells were treated for 8 
d with a proliferation media (IGF-I, EGF, and INS), and were switched to a 
lactogenic media (HC, PRL, IGF-I) with gel release for 48 hr.  No morphological 
differences were evident among treatments. 
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Figure 3-4.  Effects of serotonergic agents with and without prolactin (PRL) on 
tryptophan hydroxylase 1 (TPH-1) mRNA expression1.   

 

 

 

1Graph represents relative TPH-1 mRNA expression of treatments to control 
(CTRL) without PRL.  Relative expression was calculated using 2-ΔΔCt method 
(Livak and Schmittgen, 2001).  Statistical analysis was conducted on relative 
expression (N = 4).  Serotonin with PRL was significantly increased (P < 0.001) 
TPH-1 expression relative to all treatments except the control with PRL.   
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Figure 3-5.  Effects of serotonergic agents with and without prolactin (PRL) on α-
lactalbumin mRNA expression1. 

 

1Graph represents relative α-lactalbumin mRNA expression of treatments to 
control (CTRL) without PRL.  Relative expression was calculated using 2-ΔΔCt 
method (Livak and Schmittgen, 2001).  Statistical analysis was conducted on 
relative expression values (N = 4).  Serotonin with and without PRL decreased (P 
< 0.001) α-lactalbumin mRNA expression compared to CTRL with and without 
PRL.  Addition of PCPA, a TPH-1 inhibitor, with PRL increased α-lactalbumin 
gene expression relative to all treatments, (P < 0.01). 
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Figure 3-6.  Effects of serotonergic agents with and without prolactin (PRL) on β-

casein mRNA expression1. 

 
1Graph represents relative β-casein mRNA expression of treatments to control 
(CTRL) without PRL.  Relative expression was calculated using 2-ΔΔCt method 
(Livak and Schmittgen, 2001).  Statistical analysis was conducted on relative 
gene expression values (N = 4).  BMEC cultured with 5-HT, (4.2 µg/ml) with and 
without PRL, (100 ng/ml) decreased β-casein mRNA expression (P < 0.001).  
Addition of PCPA, (3.98 µg/ml)  (a TPH-1 inhibitor), with PRL, caused an 
increase in β-casein mRNA expression relative to all treatments, except the 
CTRL with PRL.  Addition of methysergide (9.4 µg/ml) increased ß-casein gene 
expression relative to 5-HT treatments (P < 0.05). 
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Figure 3-7.  Effects of SB-224289, a 5-HT 1B receptor antagonist on α-
lactalbumin mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative α-lactalbumin mRNA expression of treatments to 
control (CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak 
and Schmittgen, 2001).  Statistical analysis was conducted on relative 
expression values (N = 3).  The 1.0 µM dose of SB-224289 increased α-
lactalbumin mRNA expression 8-fold relative to the control (P < 0.001).  A 
significant quadratic (P < 0.01) and cubic (P < 0.01) relationship was observed. 
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Figure 3-8.  Effects of ritanserin, a 5-HT 2A receptor antagonist on α-lactalbumin 
mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative α-lactalbumin mRNA expression of treatments to 
control (CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak 
and Schmittgen, 2001).  Statistical analysis was conducted on relative 
expression values (N = 3).  The 0.1 and 10 µM doses of ritanserin increased α-
lactalbumin mRNA expression 3.5 fold relative to the control (P < 0.05).  The 1.0 
µM increased α-lactalbumin mRNA expression 16-fold relative to the control (P < 
0.001).  Significant linear (P < 0.01), quadratic (P < 0.0001) and cubic (P < 0.001) 
relationships were observed. 
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Figure 3-9.  Effects of SB-204741, a 5-HT 2B receptor antagonist on α-
lactalbumin mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative α-lactalbumin mRNA expression of treatments to 
control (CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak 
and Schmittgen, 2001).  Statistical analysis was conducted on relative 
expression values (N = 3). No siginificant effects of SB-204741 were evident on 
α-lactalbumin mRNA expression (P > 0.05).  No significant linear, quadratic, or 
cubic relationships were detected (P > 0.05). 
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Figure 3-10.  Effects of SB-204070, a 5-HT 4 receptor antagonist on α-
lactalbumin mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative α-lactalbumin mRNA expression of treatments to 
control (CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak 
and Schmittgen, 2001).  Statistical analysis was conducted on relative 
expression values (N = 3). No significant effects of SB-204070 were evident on 
α-lactalbumin mRNA expression (P > 0.05).  No significant linear, quadratic, or 
cubic relationships were detected (P > 0.05). 
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Figure 3-11.  Effects of pimozide, a 5-HT 7 receptor antagonist on α-lactalbumin 
mRNA expression in primary bovine mammary epithelial cells1. 

 
 
1Graph represents relative α-lactalbumin mRNA expression of treatments to 
control (CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak 
and Schmittgen, 2001).  Statistical analysis was conducted on relative 
expression values (N = 3).  No significant effects of pimozide were evident on α-
lactalbumin mRNA expression (P > 0.05).  A significant cubic relationship was 
detected (P < 0.05). 
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Figure 3-12. Effects of SB-224289, a 5-HT 1B receptor antagonist on β-casein 
mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative β-casein mRNA expression of treatments to control 
(CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak and 
Schmittgen, 2001).  Statistical analysis was conducted on relative gene 
expression values (N = 3). The 0.1 µM dose of SB-224289 increased β-casein 
mRNA expression relative to the control (P < 0.05).  A significant cubic 
relationship was detected (P < 0.05). 
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Figure 3-13. Effects of ritanserin, a 5-HT 2A receptor antagonist on β-casein 
mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative β-casein mRNA expression of treatments to control 
(CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak and 
Schmittgen, 2001).  Statistical analysis was conducted on relative gene 
expression values (N = 3). The 1.0 µM dose of ritanserin increased β-casein 
mRNA expression relative to the control (P < 0.05).  Significant linear (P < 0.05) 
and cubic (P < 0.01) relationships were detected. 
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Figure 3-14. Effects of SB-204741, a 5-HT 2B receptor antagonist on β-casein 
mRNA expression in primary bovine mammary epithelial cells1. 

 
1Graph represents relative β-casein mRNA expression of treatments to control 
(CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak and 
Schmittgen, 2001).  Statistical analysis was conducted on relative gene 
expression values (N = 3).  No significant effects were evident on β-casein 
mRNA expression with SB-204741 (P > 0.05).  Significant linear (P < 0.0001) 
and quadratic (P < 0.001) relationships were detected. 
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Figure 3-15. Effects of SB-204070, a 5-HT 4 receptor antagonist on β-casein 
mRNA expression in primary bovine mammary epithelial cells1. 

 
 

1Graph represents relative β-casein mRNA expression of treatments to control 
(CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak and 
Schmittgen, 2001).  Statistical analysis was conducted on relative gene 
expression values (N = 3). The 0.0001 µM dose of SB-204070 increased β-
casein mRNA expression relative to the control (P < 0.05).  No significant linear, 
quadratic, or cubic relationships were detected (P < 0.05).  
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Figure 3-16. Effects of pimozide, a 5-HT 7 receptor antagonist on β-casein 
mRNA expression in primary bovine mammary epithelial cells1. 

 

1Graph represents relative β-casein mRNA expression of treatments to control 
(CTRL).  Relative expression was calculated using 2-ΔΔCt method (Livak and 
Schmittgen, 2001).  Statistical analysis was conducted on relative gene 
expression values (N = 3).  The 0.1 µM dose of pimozide increased β-casein 
mRNA expression relative to the control (P < 0.05).  A significant cubic 
relationship was detected (P < 0.05).   
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Figure 3-17.  Effects of primary bovine mammary epithelial cells treated with 
selective serotonin receptor antagonists on α-lactalbumin protein levels as 
determined by ELISA1. 

 

 
1Graph represents α-lactalbumin protein levelsin primary bovine mammary 
epithelial cells treated with 5-HT (200 µM), pimozde (7 receptor antagonist, 0.1 
µM), ritanserin (2a receptor antagonist 1.0 µM), SB-224289 (1b receptor 
antagonist, 1.0 µM), SB-204070 (4 receptor antagonist, 0.0001 µM), and SB-
204741 (2b receptor antagonist, 0.1 µM).  5-HT significantly decreased α-
lactalbumin protein levels relative to all treatments, except pimozide (P < 0.001).  
SB-224289 tended to increase α-lactalbumin protein levels relative to the control 
(P < 0.06). 
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Figure 3-18. Effects of primary bovine mammary epithelial cells treated with 
selective serotonin receptor antagonists on total casein protein levels as 
determined by ELISA1. 

 
 

 
1Graph represents total casein protein levels in primary bovine mammary 
epithelial cells treated with 5-HT (200 µM), pimozde (7 receptor antagonist, 0.1 
µM), ritanserin (2a receptor antagonist 1.0 µM), SB-224289 (1b receptor 
antagonist, 1.0 µM), SB-204070 (4 receptor antagonist, 0.0001 µM), and SB-
204741 (2b receptor antagonist, 0.1 µM).  5-HT significantly decreased total 
casein protein levels relative to all treatments (P < 0.001).   
 
 
 
 
 
 
 

 
 
 

** 
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Figure 3-19.  Caspase 3 activity in primary bovine mammary epithelial cells 
treated with serotonin (5-HT) and selective 5-HT receptor antagonists1. 

 

1Graph represents caspase 3 activity in primary bovine mammary epithelial cells 
treated with 5-HT (200 µM), pimozde (7 receptor antagonist, 0.1 µM), ritanserin 
(2a receptor antagonist 1.0 µM), SB-224289 (1b receptor antagonist, 1.0 µM), 
SB-204070 (4 receptor antagonist, 0.0001 µM), and SB-204741 (2b receptor 
antagonist, 0.1 µM).  Ritanserin and SB-224289 increased caspase 3 activity 
relative to the control (P < 0.001 and P < 0.05), respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* 

** 
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CHAPTER 4- EFFECTS OF INTRAMAMMARY INFUSIONS OF SEROTONIN 
(5-HT) AND METHYSERGIDE, A NON-SELECTIVE 5-HT RECEPTOR 

ANTAGONIST, ON MILK PRODUCTION AND COMPOSITION IN LACTATING 
HOLSTEIN COWS 

 

INTRODUCTION 
Investigation of compounds that could increase or decrease milk synthesis 

in the bovine is crucial to the dairy industry.  Increasing lactation persistency in a 

dairy animal has been an important goal of researchers for many years.  The 

lactating dairy cow has a lactation curve that is of the descending exponential 

type (Gaines, 1926).  Milk output is regulated to match the frequency of removal 

from the gland (Knight et al., 1998).  Research during the 1990s pointed to the 

presence of a chemical feedback inhibitor of lactation (FIL) in milk that was 

regulating milk yield (Wilde et al., 1995).  The amount of milk produced by a dairy 

cow throughout its entire lactation is crucial to the success of the dairy farmer.  

Additionally, at the termination of lactation in the bovine, there is an increased 

risk for the development of mastitis, as well as other infections, due to the lack of 

an agent that ceases lactation rapidly.  Therefore, elucidation of compounds 

involved in the enhancement and inhibition of milk synthesis is important for the 

dairy industry.   

Serotonin (5-HT) is a hormone and neurotransmitter synthesized from L-

tryptophan and has been proposed to be a component of the autocrine-paracrine 

homeostatic feedback mechanism (FIL), which opposes endocrine stimulation of 

mammary development and milk secretion (Wilde et al., 1995; Matsuda et al., 
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2004).  The rate-limiting enzyme involved in synthesis of 5-HT is tryptophan 

hydroxylase 1 (TPH-1). Recently, 5-HT biosynthesis, was induced in rodent 

mammosphere cultures by prolactin (PRL) and β-casein mRNA expression was 

suppressed by supplemental 5-HT (Matsuda et al., 2004).  The same 

investigators demonstrated that systemic 5-HT administered to lactating rodents 

reduced litter weight gain, while administering a 5-HT receptor blocker increased 

litter weight gain, suggesting up and down regulation of milk synthesis, 

respectively.  Previous studies have reported presence of 5-HT in cow’s milk (Zia 

et al., 1987) and that 5-HT is a potent vasoconstrictor in the sow mammary gland 

(Busk et al., 1999).   Serotonin is also known to cause constriction of the smooth 

muscle in teat wall and sphincter (VanDeputte-Van Messom et al., 1985).   

However, to date, no one has demonstrated that 5-HT has any effects on milk 

yield (MY) in lactating dairy cows.   Our study objectives were to evaluate the 

effects of intra-mammary infusions of methysergide (METH) (a non-selective 5-

HT receptor blocker) and 5-HT on milk synthesis and composition.  The design of 

our experiment employed a half-udder design in order to eliminate variation 

between animals due to environment, nutrition and genetics.  Furthermore, in 

theory both udder halves are exposed to the same systemic factors, hence 

responses to intra-mammary infusions should be strictly at the mammary gland 

level (Wall and McFadden, 2007).  In order to ensure our design was not 

compromised, in addition to monitoring animal well-being, the potential systemic 

effects of METH and 5-HT infusions were evaluated by measuring evaporative 
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heat loss (EVHL), respiration rate (RR), left udder temperature (LU) and right 

udder temperature (RU), and rectal temperature (RT), and circulating 

concentrations of energetic metabolites (glucose and NEFA).   

MATERIALS AND METHODS 
Animals and Experimental Design 

 The University of Arizona Institutional Animal Care and Use Committee 

(IACUC) approved all procedures involving animals.  Cows were housed at the 

University of Arizona Agricultural Research Complex (ARC) in individual tie stalls 

and fed a total mixed ration (TMR) formulated to meet or exceed NRC 

recommendations (NRC, 2001).  Cows were exposed to a 12 h light/dark cycle 

and thermoneutral temperature of 20ºC.  Diets were fed ad libitum at 0500 and 

1700 h and animals had ad libitum access to water.  The diet was primarily 

composed of alfalfa hay and corn (Table 4-1).  Ration dry matter (DM) 

percentage and nutrient composition (Dairy One, Ithaca, NY) of the TMR was 

determined from a composite sample containing samples of feed from each week 

of the experiment.  Cows were milked twice daily at 0500 and 1700 h during the 

28 d trials.  Feed refusals were weighed and recorded before the 0500 h feeding.  

For statistical analyses, MY was recorded twice daily for each half-udder and 

values were collapsed into a mean representative of the 6 milkings pre-treatment 

infusion (period 1), 6 milkings of treatment infusion (period 2), and the 6 milkings 

post-treatment infusion (period 3).  As a consequence, there were three periods 

associated with both the METH and 5-HT infusions (3 periods/infusate).  Milk 



 

 

157 

yield was also calculated for the whole udder.  Milk samples were obtained daily 

from each half-udder and analyzed for fat, true protein, lactose, and somatic cell 

count (SCC) (Arizona DHIA, Tempe, AZ).  Milk fat, protein, and lactose were 

analyzed using AOAC approved infrared analysis (AOAC, 2000); SCC was 

analyzed using AOAC approved cell-staining techniques (AOAC, 2000).  The 

International Dairy Federation and Food and Drug Administration (FDA) certified 

all equipment used in the analyses. 

 The study design used six, multiparous, Holstein cull cows in late lactation 

(436 ± 59 DIM; 703 kg ± 68 BW).  Cows were removed from bST 1 month prior to 

the start of the experiment.  Cows selected for the study were healthy and had 

SCC less that 500,000 cells/mL.  Within each animal, prior to METH treatment, 

contra-lateral udder halves were randomly assigned to an infusion of METH or 

saline (SAL).  During the 5-HT treatment period, contra-lateral udder halves that 

previously received SAL during the METH treatment received 5-HT and contra-

lateral udder halves that previously received METH received SAL.  Immediately 

after each treatment infusion, all quarters received a short-acting antibiotic to 

prevent mastitis (Amoxi-Mast, Amoxicillin trihydrate, Pfizer, Kalamazoo, MI).  All 

milk from the study was discarded and the animals were humanely euthanized 

and composted following the study. 

 

Intra-mammary Infusion 
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 Animals were allowed to acclimate for 7 d in the environmentally 

controlled rooms under thermoneutral conditions and remained under 

thermoneutral conditions for the remainder of the study.  Both METH and 5-HT 

were both solubilized in sterile saline (at 2 and 17 mg/mL, respectively).  

Solutions were sterilized by syringe filtration (0.22 µm) during dosing.  Prior to 

administration, milk samples from all quarters of all cows were evaluated for 

mastitis using the California Mastitis Test.  On d 8, 20 mg/quarter/d of METH (# 

M-137; Sigma, St. Louis, MO) were infused (10 mg/quarter/milking) for 3 d in 

contra lateral half-udders.  Control udder-halves received a sterile SAL solution.  

After 3 d of METH infusions, animals were allowed a 7 d washout period.  

Following the washout period, udder halves previously receiving METH were 

assigned as the control udder halves (SAL), and contra-lateral udder halves 

previously receiving SAL received 50 mg/quarter/d of 5-HT (Sigma; 25 

mg/quarter/milking) for 3 d.  After 5-HT infusion, animals were monitored for an 

additional 7 d. 

 

Measures of Potential Systemic Effects 

 The following measurements were obtained twice daily (0500 and 1700 h) 

on each cow: RR (counted by visual observation), EVHL (measured by a close 

chamber evapometer; Delfin Technologies, Kuopio, Finland), LU and RU surface 

temperatures (using an infrared thermister; Raytek, Santa Cruz, CA), and RT 

(YSI instruments, Yellow Springs, Ohio).  Blood samples were obtained daily via 
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the coccygeal vein and plasma was harvested by centrifugation (3000 x g) for 20 

min at 4ºC.  Concentration of plasma NEFA and glucose were measured 

enzymatically in all samples using commercially available kits validated for use in 

laboratory of Dr. Lance Baumgard (Odens et al., 2007; NEFA inter-assay CV = 

7.98%, NEFA intra-assay CV = 8.30%; glucose inter-assay CV = 6.74%, intra-

assay CV = 6.58%; Wako Chemicals, USA, Richmond, VA).   

 

STATISTICAL ANALYSIS 

Animal Experiment 

Two linear mixed models with repeated measures over twice daily milking 

time were used in the study.  One model was used for intra-mammary infusion 

where milk and composition responses were measured on each udder within the 

animal.  

Yijk = µ + τi + γk + (τγ)ik + ΒX jk + bij +εijk   

Where Yijk is the response for the ith udder in jth cow at kth milking time adjusted 

for BXij the baseline response just prior to infusion for the ith udder in the jthcow (B 

is the regression coefficient).  The fixed effects are: µ, the mean response, τi  the 

effect of the ith udder-treatment, γk is effect of the  kth milking time, (τγ)ik  the 

interaction effect of the ith udder-treatment and the  kth milking time. The random 

effect bij is the between-cows error associated with treatment given udder i for 

cow j while εij is the within-subjects error associated with ith udder-treatment given 

to the jth cow on the kth day.  The bij are independently, identically distributed with 
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a mean of 0 and a variance σ2
b .  They are independent of εijk which are assumed 

to be multivariate normal with mean zero and covariance matrix R, where R is a 

block diagonal matrix, with one block, Σ , for each udder by cow within treatment.   

The other model was for responses measured on the whole cow such as 

glucose, NEFA, LU, RU, SR, RT, and RR. 

Yijk = µ + τi + γk (τi) + bij +εijk   

Where Yijk is the response for the ith treatment period in jth cow at kth day, µ is the 

mean response, τi is the effect of the ith treatment period, γk(τi) is the effect of the  

kth day nested in ith treatment period.  The random effect of the jth cow in ith period 

is bij while εijk is the within-subjects error associated with ith trt period for jth cow at 

the kth day.  The bij are independently, identically distributed with a mean of 0 and 

a variance σ2
b .  They are independent of εijk which are assumed to be 

multivariate normal with mean zero and covariance matrix R, where R is a block 

diagonal matrix, with one block, Σ , for each cow within treatment period.   

 

RESULTS 
Milk Yield and Composition 

 The MY responses are shown in Figures 4-1 and 4-2 and Table 4-2.  

Whole udder MY increased (10.9%; P < 0.01; Figures 4-1 and 4-2) during METH 

infusion, and both udder halves responded similarly (P > 0.05; Table 4-2; Figure 

4-3).  Milk yield from both udder halves decreased 11.1% during 5-HT infusion (P 

< 0.05), and both udder halves responded similarly (P < 0.05; Table 4-2; Figure 
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4-3).  These data indicate that the half-udder design was compromised by cross-

over or systemic effects of the compounds tested.  Milk production did not differ 

between treated and control halves throughout the study (P > 0.05). 

 Although there were no treatment effects on milk lactose percent during 

METH infusion (P > 0.05; Table 4-3), there was a period by treatment interaction 

(P < 0.05; Table 4-3) as it decreased (3.2%) during the METH infusion relative to 

the pre-infusion period.  Compared to controls, infusing 5-HT tended to decrease 

milk lactose content 5.3% compared to SAL infusion (P = 0.06; Table 4-4) 

Milk protein percent was decreased (2.0%; P < 0.01; Table 4-3) during 

METH and SAL infusion compared to post-infusion levels.  Serotonin and SAL 

infusion increased milk protein content 7.3% compared to the post-infusion 

period.  Infusing METH, 5-HT or SAL did not alter milk fat percent (P > 0.05; 

Tables 4-3, 4-4).  The changes in milk composition were detectable but quite 

small.  However, large changes in component yield occurred because of the shift 

in milk volume.  For instance, milk lactose yield declined 28% from pre to post 5-

HT infusion while milk protein yield declined 20% during the same period.   

 

Systemic Effects 

 Serotonin and SAL infusion increased EVHL during the infusion period by 

33% compared to the post-infusion period (P < 0.0001; Table 4-5), tended to 

increase EVHL by 16.7% compared to the pre-infusion period (P = 0.06; Table 

6), and EVHL was 21.6% higher pre-5-HT infusion compared to post-5-HT 
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infusion period (P < 0.01; Table 4-5).  Infusing 5-HT reduced EVHL compared to 

post-METH infusion (P < 0.01; Table 4-5), additionally, EVHL was 28.8% higher 

during METH infusion compared to post-5-HT infusion period (P < 0.0001; Table 

4-5).  Serotonin infusion increased EVHL compared to post-METH infusion by 

19.1% (P < 0.01; Table 4-5).   

Infusing 5-HT and SAL tended to increase LU temperature by 1.2% 

compared to post-5-HT infusion period (P = 0.07; Table 4-5).  Left udder 

temperature was 1.6% higher post-METH infusion compared to post-5-HT 

infusion period (P < 0.01; Table 4-5) and LU temperature was 1.8% higher prior 

to METH infusion compared to post-5-HT infusion (P < 0.01; Table 4-5).  Infusing 

METH tended increase RU by 1.4% temperature compared to 5-HT infusion 

period (P = 0.07; Table 4-5).  Right udder temperature was 2.4% higher prior to 

METH compared to the post-5-HT infusion period (P < 0.0001; Table 4-5).  

Serotonin infusion resulted in 1.4% decrease in RU temperature compared to 

post-METH infusion period (P = 0.01; Table 4-5).  Serotonin infusion resulted in a 

3.0% decrease in rectal temperature compared to pre-5-HT infusion period and 

4.1% compared to post-5-HT infusion period (P = 0.01; Table 4-5).  No effects of 

5-HT or METH infusion were evident for NEFA or glucose concentration or RR (P 

> 0.05; Tables 4-5, 4-6).    

DISCUSSION 
The effects of 5-HT and METH intra-mammary infusions on galactopoiesis 

have previously not been evaluated in the bovine.  Milk yield was altered by intra-
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mammary infusions of both METH and 5-HT (Figures 4-1 and 4-2).  However, 

data presented indicate the half-udder model design employed in this study was 

compromised by crossover of the test compounds to the control udder half.  This 

resulted in both halves demonstrating changes in milk yield that were consistent 

with the treatments administered.  During the METH infusion both treated and 

non-treated udder halves demonstrated an 11% increase in yield (Figure 4-2).  

Likewise, infusing 5-HT decreased MY (11.1%) in both treated and non-treated 

udder halves (Figure 4-2). The milk yield increase is impressive when 

considering the fact that these animals were more than 430 days in milk when 

they began the study.  Previous rodent data suggests that inhibiting the 5-HT 

receptor subtypes increases mammary milk protein gene expression, and 

presumably therefore milk production (Matsuda et al., 2004).   Increased MY in 

the SAL treated udder halves during METH infusion and decreased MY in SAL 

udder halves during 5-HT treatment, is likely due to a systemic response (i.e., 

carryover) of the infused compounds from the treated half to the control half 

through the systemic circulation.  Evidence of a systemic response was indicated 

by marked changes in EVHL, occurring during both METH and 5-HT infusion 

periods. 

  Although utilizing the half-udder milking model is useful, it is possible that 

5-HT and METH were used in sufficiently high doses to reach the systemic 

system causing a cross-over of treatments.  Additionally, since the identity of the 

5-HT receptor subtype(s) in mammary tissue is unknown, we were unable to use 
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a selective/specific 5-HT receptor subtype antagonist, which might have been 

effective on mammary tissue alone.  

Treatments caused small but detectable changes in milk composition.  

Much greater changes were detected in yield of milk components due to changes 

in milk volume.   Serotonin infusion tended to decrease milk lactose percent.  

Previous research indicates that 5-HT suppresses α-lactalbumin expression in 

mouse and bovine mammary epithelial cell culture (Matsuda et al., 2004; 

Stiening, 2005).  No treatment effect (vs. SAL) on milk lactose occurred during 

METH infusion.  Milk lactose concentration decreased slightly during METH 

infusion compared to the pre METH infusion period.  Small increases in milk 

protein content were detected during METH infusion relative to the pre and post-

5-HT infusion periods.  This is further evidence that METH and 5-HT likely 

entered the systemic circulation, resulting in milk protein being altered in both 

udder halves (regardless of treatment) and the response paralleled that of MY 

(Figure 4-1).  In previous studies, antagonizing the mammary epithelial cells 5-

HT receptors with METH has increased milk protein mRNA expression indicating 

that overall milk protein synthesis should increase (Matsuda et al., 2004).  

Additionally, treating mammary epithelial cells with 5-HT reduced milk protein 

mRNA expression, indicating that overall milk protein synthesis would be 

decreased.  Although our results are consistent with previous rodent research 

changes in milk composition were minor. 
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 Milk SCC was increased during both METH and 5-HT, irregardless of 

treatment (vs. SAL).  Intra-mammary infusions can activate the mammary 

immune system.  This occurs due to the potential of the syringe cannula to dilate 

the lumen of the streak canal, causing removal of keratin or causing pre-existing 

microorganisms to move from the streak canal to the teat cistern (Akers, 2002).  

It is likely not due to endotoxin in the infusate since each infusion was filtered 

(0.22 µm) during the infusion process.  Although SCC increased above 400,000 

cells/mL during infusion periods, no clinical mastitis was detected in any of the 

cows as determined by the California Mastitis Test.      

We detected reduced EVHL in cows, post-5-HT infusion compared to all 

other periods.  This may have been associated with reduced cutaneous blood 

flow.  There were significant changes in LU and RU temperatures and RT, further 

supporting the idea that both infusions of METH and 5-HT resulted in a systemic 

response.  Non-thermal factors can attenuate or enhance cold-induced 

vasoconstriction and/or heat-induced vasodilation similarly to thermal 

environmental factors (Mekjavic and Eiken, 2006).  Temperature of the RU 

during 5-HT infusion was significantly lower than pre-5-HT infusion, METH 

infusion period and pre-METH infusion.  Temperature of the LU was significantly 

lower post-5-HT infusion compared to pre-METH infusion period.  Rectal 

temperatures of cows were decreased during the 5-HT infusion period compared 

to all other periods.  Administration of 5-carboxytryptamine, an agent that 

increases 5-HT levels, both systemically and in the cerebral ventricles in guinea 
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pigs, resulted in a dose-dependent reduction in core body temperature (Hagan et 

al., 2000).  Receptors 5-HT1a/7 have been shown to be involved in regulation of 

core body temperature by causing hypothermia when activated (Faure et al., 

2006).  The 5-HT2a receptor has been demonstrated to be involved in inducing 

hyperthermia when activated (Pawlyk et al., 2006).  When the 5-HT2a receptor is 

antagonized with a systemic dose of mirtazapine, core body temperature is 

decreased.  Therefore, it is likely that udder skin temperature changed due to 5-

HT reaching the systemic circulation and acting on subsequent receptor 

subtypes involved in thermoregulatory processes. 

 

CONCLUSIONS 
 
 In conclusion, it appears that the half-udder model was compromised due 

to 5-HT and METH reaching the systemic circulation.  This is supported by the 

effect of 5-HT on LU and RU temperatures, RT and SR.  Furthermore, SCC were 

increased in both udder halves during both infusion periods, although no mastitic 

infections ensued.  Infusion of 5-HT resulted in an overall 11.1% decrease in MY 

and infusion of METH resulted in a 10.9% overall increase in MY.  Future 

research should involve a different method of 5-HT and receptor antagonist 

delivery.  Furthermore, research should be conducted using selective 5-HT 

receptor antagonists for receptors that have been identified in the bovine 

mammary gland, as opposed to the use of a broad-spectrum antagonist like 

METH.  Additionally, investigation of the effects of serotonergic agents during 
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different stages of lactation should be determined, as results could prove to be 

different.  Future research in vivo should involve the use of selective 5-HT 

receptor antagonists, as well as a different route of administration of serotonergic 

agents for extended periods of time. 
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Table 4-1.  Composition of the TMR fed to late lactation cows1,2 
 
Ingredient % TMR 

 
Alfalfa Hay 33.34 

 
Corn (steam-flaked)   7.66 

 
Barley   7.66 

 
Molasses (cane)   0.75 

 
PF-45 High producer premix   4.59 

 
1Diet was 54% DM and contained 20.5% CP, 0.75 Mcal NEl/kg of DM, 26.2% 
ADF, and 31.4% NDF based upon analysis of  the TMR.  Analysis was 
conducted by Dairy One, Inc., Ithaca, NY. 
2Contained 1.14 x 103 IU/kg Vitamin A, 1.09 x 102 IU/kg Vitamin D, 3.64 IU/kg 
Vitamin E, 0.55% Cl, 1.84% K, 0.27% Mg, 0.36% Na, 0.40% P, 0.28% S, 1.39 
ppm Co, 19.92 ppm Cu, 244.6 ppm Fe, 0.82 ppm I, 65.4 ppm Mn, 0.67 ppm Mo, 
0.33 ppm Se, 62.4 ppm Zn. 
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Table 4-2.  Average half-udder milk yields during the 6 milkings pre, during and 
post serotonin (5-HT), methysergide (METH) and saline (CTL) infusions1. 
 

1Average of six milkings for each udder half during each period. 
2Mean milk yield for all udder halves during the respective period (kg/d). 
3Udder halves did not differ between treatments. 
4Values with different superscripts differ, P < 0.05. 
 

 

 

 

 

 

 
 

 

 
 
 
 
 

Treatment CTL        (SEM) TRT     (SEM) Mean2,4       (SEM) 

Pre-METH 5.92         (0.81) 4.92      (0.69) 5.34a         (0.64) 

METH 5.93         (0.81) 5.17      (0.69)  5.48a         (0.58)        

Post-METH 6.01         (0.81) 4.89      (0.69) 5.30ab        (0.48) 

Pre-5-HT 4.32         (0.69) 5.29      (0.81) 4.76ab        (0.64) 

5-HT 3.50         (0.69) 4.23      (0.81) 4.23ab        (0.58) 

Post-5-HT 3.69         (0.69) 4.38      (0.81) 4.04b         (0.48) 
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Table 4-3.  Effects of intra-mammary infusions of methysergide (METH) on half-
udder milk composition in Holstein cows1 

 Pre-METH METH Post-METH               P-value2 

 

Udder3 CTL TRT CTL TRT CTL TRT   
 

  

Variable 
 

      SEM4 P U P x U 

Fat, % 
 

    3.4     3.4     3.2     3.3     3.1     3.2     0.11   0.19 0.62 0.88 

Lactose,
% 

    4.6     4.7     4.5     4.5     4.5                                4.6     0.07   0.01 0.67 0.04 
 

Protein, 
% 

    3.4     3.3     3.3     3.3     3.4     3.4     0.03 <0.001 0.78 0.64 
 

SCC 239.1 195.4 335.0 809.0 256.6 280.1 172.4   0.003 0.53 0.03 
 

1Data represent average concentrations of milk components during pre-METH 
infusion, METH intramammary infusion, and post-METH infusion.  METH infusion 
of 20 mg/quarter/d in a half-udder design using contralateral quarters, with the 
control half being infused with SAL.   
2Significance of effects of the interaction between period (P) and udder (U), 
period (P), and udder (U). 
3CTL=saline infused udder half, TRT=METH infused udder half. 
4SEM=standard error mean. 
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Table 4-4.  Effects of intra-mammary infusions of serotonin (5-HT) on half-udder 
milk composition in Holstein cows1 

1Data represent average concentrations of milk components during pre-5-HT 
infusion, 5-HT intra-mammary infusion, and post-5-HT infusion.  5-HT infusion of 
20 mg/quarter/d in a half-udder design using contra-lateral quarters, with the 
control half being infused with SAL.   
2Significance of effects of the interaction between period (P) and udder (U), 
period (P), and udder (U). 
3CTL=saline infused udder half, TRT=5-HT infused udder half. 
4SEM=standard error mean. 
 
 
 
 
 

 

 

 

 

 

 

 Pre-5-HT 5-HT Post-5-HT  P-value2 

 

Udder3 CTL TRT CTL TRT CTL TRT     
 

Variable       SEM4 P U P x U 
 

Fat, %     3.3     3.1     3.4     3.5     3.8     3.9    0.28   0.04  0.90 0.84 
 

Lactose, 
% 

    4.6     4.3     4.6     4.3     4.6                                4.4    0.09   0.80  0.07 0.72 
 

Protein, 
% 

    3.4     3.5     3.6     3.8     3.3     3.4    0.13   0.13  0.59 0.75 
 

SCC 197.3 248.8 504.2 548.1 326.0 309.3 93.32   0.005  0.83 0.89 
 



 

 

172 

 

Table 4-5.  Effects of intra-mammary infusions of methysergide (METH) and 
serotonin (5- HT) on systemic responses in Holstein cows1 

 
1Data represent least square means of LU=left udder, RU=right udder, RT= rectal 
temperature, SR=sweating rate and RR=respiration rate.  Standard errors for 
individual means are listed in parenthesis. 
2Pre 1=pre-METH infusion period, METH=METH infusion period, Post 1=post-
METH infusion period, Pre 2=pre 5-HT infusion period, 5-HT=5-HT infusion 
period, Post 2=post 5-HT infusion period 
3Values with different superscripts differ, P < 0.05. 
 

 
 
 
 
 
 
 
 
 
 
 
 

 LU (ºC)      RU (ºC) RT (ºC) EVHL 
(g/m2/h) 

RR(breath/min) 
 

Period2,3      
 

Pre 1 34.07 (0.13)a 34.02 (0.12)a 38.75 (0.19)a 50.35 (2.02)a 39.44 (0.93)a 

 

METH 33.93 (0.19)a,b 33.81 (0.19)a 38.71 (0.31)a 56.16 (3.06)a 38.50 (1.41)a 

 

Post 1 34.00 (0.17)a,b 33.82 (0.16)a,b 38.52 (0.12)a 49.96 (2.69)a 39.27 (1.24)a 

 

Pre 2 33.83 (0.20)a,b 33.56 (0.19)a 38.47 (0.17)a 50.99 (3.43)a 38.67 (1.43)a 

 

5-HT 33.89 (0.19)a,b 33.35 (0.18) b,c 37.31 (0.38)b 59.51 (3.02)a 39.37 (1.39)a 

 

Post 2 33.47 (0.13)b 31.20 (0.12)c 38.85 (0.19)a 39.99 (2.02)b 38.49 (0.93)a 
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Table 4-6. Effects of intra-mammary infusions of methysergide (METH) and 
serotonin (5-HT) on plasma metabolites in Holstein cows1 
 NEFA,µeq/L Glucose,mg/dL 

 
Period2,3   

 
Pre 1 173.36 (24.48) 92.38 (2.47) 

 
METH 147.11 (36.12) 92.70 (3.64) 

 
Post 1   94.51 (30.40) 93.06 (3.13) 

 
Pre 2 142.08 (35.10) 94.39 (3.64) 

 
5-HT 167.29 (34.17) 91.51 (3.54) 

 
Post 2 178.83 (24.16) 91.64 (2.41) 

 
1Data represent least square means of non-esterified fatty acids (NEFA) and 
glucose concentrations of plasma.  Standard errors for individual means are 
listed in parenthesis. 
2Pre 1=pre-METH infusion period, METH=METH infusion period, Post 1=post-
METH infusion period, Pre 2=pre 5-HT infusion period, 5-HT=5-HT infusion 
period, Post 2=post 5-HT infusion period 
3Values with different superscripts differ, P < 0.05. 
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Figure 4-1.  Average whole udder daily milk yield for whole udders of cows 
treated utilizing a half-udder model, with methysergide (METH) or saline 
(SAL) infusion on days 8, 9, and 10 and treated with serotonin (5-HT) or SAL 
on days 18, 19, and 20.1 

 

 
 

1Graph represents average daily whole-udder MY throughout the entire 
experiment, except for days 1, 2 which were excluded.  Day 1 on graph 
corresponds to day 3 of experiment. 
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Figure 4-2.  Average milk yield for whole udder for each milking during 
methysergide (METH) and saline (SAL) infusion (d 8, 9 and 10; 2 milkings 
per day) and during serotonin (5-HT) and SAL infusion (d 18, 19 and 20; 2 
milkings per day)  
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1Graph represents average daily MY within the two treatment periods (METH or 
5-HT infusion periods).  Milk yield increased over time in both udder halves 
during the METH and SAL infusion period (P < 0.001).  Milk yield decreased over 
time in both udder halves during 5-HT and SAL infusion period (P < 0.01). 
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Figure 4-3.  Average half-udder milk yield during each period.1 

 
 
1Graph represents half udder milk yield in each period and is also shown 
numerically in Table 4-2.  Each period represents 6 milkings. 
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CHAPTER 5: INTEGRATIVE SUMMARY 
 
 The objective of this dissertation research was to determine the 

components of the serotonergic system present in the bovine mammary gland 

and their effects on the regulation of lactogenesis, and hence milk production.  

Since nothing was known about the involvement of serotonin (5-HT) in the bovine 

mammary gland, the primary objective was to determine if the enzymes were 

present to synthesize 5-HT in the bovine mammary gland, where they were 

located, and which 5-HT receptors were involved in regulating mammary gland 

function.   

In 2004, 5-HT was identified as a local negative regulator of lactation in 

the mouse mammary gland, and was dependent on prolactin (PRL; Matsuda et 

al., 2004).  In human MCF10A cells, it was demonstrated that the 5-HT7 receptor 

was present on the basolateral membrane and 5-HT increases tight junction 

permeability through stimulation of this receptor subtype (Stull et al., 2007).  

Increasing lactation persistency in the dairy animal has long been a goal of dairy 

scientists.  Maximal milk production within dairy herds is more profitable to 

dairymen and can be achieved by using a 5-HT receptor blocker, or an inhibitor 

of 5-HT synthesis to increase milk yields within herds upon parturition, 

particularly after the point of peak milk production (Figure 5-1).  Currently, 

practices employed for increasing lactation persistency include: administration of 

bovine somatotropin, manipulation of photoperiod, and frequency of milking.  In 

addition to investigating the effects of 5-HT inhibitors on increasing lactation 
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persistency, 5-HT could potentially be utilized as a rapid dry off agent during the 

dry period. The prevalence of mastitis is higher during the dry period than during 

lactation for the following reasons:  milk is no longer being removed from the 

gland, milk is an excellent growth medium for bacteria, milk stasis occurs during 

the first few days of dry-off, leakage from teats occurs and teat-end disinfection 

procedures are stopped.  The dry period is a critical period because of changes 

in endocrine status that prepare the cow for parturition and successful lactation 

cycles.  Development of a rapid dry-off agent, such as 5-HT, would aid in herd 

health.  

The 5-HT family of receptors has 15 members, of which all belong to the 

family of G-protein coupled receptors, except for the 5-HT3 family, which is an 

ion-channel linked family of receptors.  The 5-HT1 family is negatively coupled to 

the production of adenylyl cyclase, the 5-HT2 family couples to the Gq/11 

receptors, and the 5-HT4,5,6,and 7 families are positively coupled to adenylyl 

cyclase production.  It was necessary to determine which receptors were present 

in the bovine mammary gland, and if they were epithelial in nature, in order to 

establish how 5-HT is working to regulate the bovine lactation.  Upon determining 

which receptors were present in the mammary gland, in vitro and in vivo studies 

could be conducted to elucidate the effects of 5-HT and selective 5-HT receptor 

antagonists effects on milk protein mRNA expression, milk protein expression, 

and milk yield. 
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 The mammary gland is unique in that it has the ability to store fluid (milk) 

within the lumen of the alveoli.  Removal of milk from the lumen largely regulates 

milk production in a variety of species.  During the 1980’s and early 1990’s 

research was highly focused on determining the identity of chemical/protein in 

milk that exerted inhibition of lactation through an autocrine/paracrine mechanism 

in a number of mammalian species.  Studies conducted in mammary explants 

incubated with this unidentified chemical (feedback inhibitor of lactation; FIL) 

resulted in decreased mRNA expression of α-lactalbumin and β-casein (Peaker 

and Wilde, 1996).  Furthermore, it was seen that when goats were infused with 

this chemical isolated from, by intramammary infusion, there was a decrease in 

overall milk production (Wilde et al., 1988).  Additionally, it was determined that 

increases the frequency of milk removal from the gland resulted in increase milk 

yield.  Despite numerous studies conducted on this chemical present in milk, the 

structural identity was never confirmed. 

 It appears that 5-HT is a negative feedback regulator of milk secretion in 

the bovine.  The proposed mechanism of action is secretion of 5-HT in milk, and 

eventual build-up of milk in the alveolar lumen, allows 5-HT to feedback onto its 

receptor subtypes (1B, 2A, 2B, 4, and 7), causing suppression of milk protein 

expression, and eventual decreases in milk yield (Figure 5-2).  Although 5-HT 

functions as FIL, it is likely that regulation of milk protein expression and milk 

yield production is regulated by many different pathways.  Future research 

should be targeted at looking at downstream signaling pathways that are 
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stimulated by the various G-protein coupled receptors that were found in the 

bovine mammary gland.  It appears that 5-HT works through a variety of 

signaling pathways and there is potential for coupling and un-coupling of different 

receptor populations.  Additionally, how the receptor subtype populations change 

through the bovine lactation timeline could prove useful in manipulating lactation 

persistency and/or rapid-dry off practices in the bovine. 
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Figure 5-1.  Bovine lactation timeline. 
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Figure 5-2.  Proposed Mechanism of Serotonin’s (5-HT) Action in the Lactating 
Bovine Mammary Gland1. 

 
 

 
 
 

 
1Proposed action of 5-HT in the bovine mammary gland.  Triangles represents 
the 1B receptors, diamonds represent the 2A receptors, stars represent the 2B 
receptors, squares represent the 4 receptors, and hexagons represent the 7 
receptors.  TJ represents tight junctions, GJ represents gap junctions.  Figure 
was adapted from Stiening, 2005. 
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APPENDIX A: PRIMARY BOVINE MAMMARY EPITHELIAL CELL ISOLATION 
 

Methods for isolation of primary bovine mammary epithelial cells 

according to McGrath (1987) were refined and were used to obtain all primary 

mammary epithelial cells utilized for in vitro experiments and are described 

herein. 

Mammary parenchymal tissue was obtained from a 7 mo gestating 

Holstein cow who had been dry for at least 30 d.  Mammary epithelial cells 

obtained from a cow at this stage prove to be in a maximally proliferating stage, 

making them excellent candidates for culture. Tissue was removed in 

approximately 10 g pieces and placed in M199 (#31100-035, Gibco, Grand 

Island, NY) with antibiotic/antimycotic (Gibco #15240-062, Grand Island, NY; use 

at 1:100) on ice and transferred from the abbatoir to the laboratory.  All 

subsequent handling of tissue was conducted in a laminar flow hood with sterile 

solutions. 

Each 10 g piece of tissue was sliced using a Stadie-Riggs hand 

microtome and placed in petri dishes containing cold M199 with 

antibiotic/antimycotic (1:100) until mincing.  Tissue was minced finely 

(applesauce consistency) for no longer than 30 min using sterile razor blades.  

Finely minced tissue was then placed in 500 mL trypsinization flasks containing a 

dissociation media of 75 mL of M199 with antibiotic/antimycotic (1:100), 0.15% 

collagenase type II (#LS004176, Worthington Corp., Bedford, MA), 0.1% 

hyaluronidase (#H-3506, Sigma, St. Louis, MO), and 6.6% fetal bovine serum 
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(FBS; #16000-044, Gibco, Grand Island, NY).  Flasks were then transferred to a 

lab gyratory shaker set at 37°C and 225 rpm for approximately 3-4 h.  Tissue was 

removed from shaker once the tissue began to look stringy and the media 

became a dark pink color.  Any tissue appearing to resemble chunks were 

removed from flasks and placed in new flasks with fresh dissociation media and 

returned to the shaker for an additional hour of dissociation.   

Dissociated material was decanted into 50 mL centrifuge tubes and spun 

at 100 x g for 2 min at 4°C.  Supernatant was decanted into fresh centrifuge 

tubes and spun an additional 2 min at 100 x g at 4°C and cell pellets were placed 

on ice.  Cell pellets from the first and second spins were then combined and 

washed with 22.5 mL M199 with antibiotic/antimycotic and 10% FBS, and spun 

for 2 min at 100 x g at 4°C.  Supernatant was decanted and cell pellets were 

resuspended in 25 mL M199 with antibiotic/antimycotic, 10% FBS, and 0.01% 

DNase (#DN-25, Sigma, St. Louis, MO) and filtered through a 150 µM Nitex filter 

(Tetko Co. Elmsford, NY) into a sterile beaker.  Any tissue not passing through 

the Nitex filter was returned to flasks containing dissociation media for an 

additional hour on the gyratory shaker. 

Nitex filtered material was then spun at 100 x g for 4 min at 4°C, 

supernatant was decanted and cell pellets were washed with M199 with 

antibiotic/antimycotic with 10% FBS.  Material was spun an additional 4 min at 

100 x g at 4°C, supernatant was decanted and cell pellets were placed on ice.  

All cell pellets were then combined and suspended in 10-50 mL of M199 with 
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antibiotic/antimycotic and 10% FBS, depending on the sizes of the cell pellets.  

Cells were subsequently counted using an aliquot with 0.2% crystal violet (1 

volume of cells: 9 volumes of crystal violet).  The desired yield at this stage of the 

dissociation process is 3 x 107 cells/mL.   Cells are then spun for 4 min at 100 x g 

at 4°C and resuspended in M199 with antibiotic/antimycotic with 0.04% DNase 

prior to loading cells on density gradients. 

Percoll gradients are continuous gradients used to separate the non-

epithelial mammary cells from the epithelial cells.  Percoll gradients contain 

30.8% Percoll (#P-4937, Sigma, St. Louis, MO), 45.7% M199 with 

antibiotic/antimycotic, and 3.4% 10 x Waymouth’s Media (#W-1625, Sigma, St. 

Louis, MO).  Gradients are made in Nalgene centrifuge tubes during the 

dissociation period and spun at room temperature in fixed angle rotor for 1 hr at 

20,000 x g with the brake off.  3 x 107 cells in a 2 mL volume are layered onto 

Percoll gradients and spun for 15 min at 800 x g in a swinging bucket rotor at 

room temperature with the brake off. 

Epithelial bands are then collected (1.065 to 1.07 g/cc density region) and 

resuspended in 7 volumes of M199 with antibiotic/antimycotic and spun at 250 x 

g for 5 min to remove DNase.  Cell pellets were then resuspended in 10-20 mL 

(depending on size of cell pellets) M199 with antibiotic/antimycotic and 10% FBS 

and recounted using 0.2% crystal violet.  Cells were then resuspended at 1.2 x 

107 cells per cryogenic vial in 4°C freezing media (80% M199 with 

antibiotic/antimycotic, 10% sterile DMSO (#D-2650, Sigma, St. Louis, MO) and 
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10% FBS) except for the DMSO (remains at room temperature).  Cells are stored 

at -80°C overnight and then placed in liquid nitrogen. 

The expected yield per 50 g of mammary tissue is 5-8 x 108 cells. 
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Table A-1.  Reagents needed for primary bovine mammary epithelial cell 
isolation*. 
 

1. Collagenase II (Worthington, #LS00417) 
Stock made at 1% in 1 x Hank’s Balanced Salt Solution (1 g /100 mL), 
made fresh 

2. 10 x Hank’s Balanced Salt Solution, pH = 7.4 (HBSS) 
400 mg KCl/100 mL ddH2O 
60 mg KH2PO4/100 mL ddH2O 
8.0 g NaCl/100 mL ddH2O 
90 mg Na2HPO4/100 mL ddH2O 
11 mg Phenol Red/100 mL ddH2O 

3. Medium 199, pH = 7.4 (Gibco #31100-035, no bicarbonate) 
1 package/1 L ddH2O 
2.2 g NaHCO3 
10 mL antibiotic/antimycotic/1L ddH2O 

4. 10 x Waymouth’s Media, pH = 7.4 (Sigma #W-1625, no bicarbonate) 
1 bottle/100 mL ddH2O 
0.357 g Hepes/100 mL ddH2O 

5. Hyaluronidase (Sigma #H-3506) 
1 g/10 mL 1 x HBSS (10% stock solution), made fresh 

6. DNase I (Sigma #DN-25, bovine pancreas) 
10 mg/10 mL 1 x HBSS (0.1% stock solution), made fresh 

 
*Note:  all reagents must be sterile filtered through a .22 µM filter into sterile 
bottles and stored at 4°C. 
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Table A-2.  Additional supplies needed for bovine primary mammary epithelial 
cell isolation.* 
 
500 mL tripore beakers with 0.22 µM Nitex 
500 mL Baffold flasks 
Teflon cutting boards 
Forceps 
Tweezers 
Hemostats 
Spoons 
Spatulas 
1 L bottles 
500 mL bottles 
250 mL bottles 
50 mL conicles 
15 mL conicles 
2 mL Nalgene cryovials 
Nalgene centrifuge tubes 
Petri dishes 
Razor blades 
Gauze 
Propane torch 
Razor blade with handle 
Ice chests 
Matches 
70% ETOH 
Betadine scrub 
Bic disposable razors 
 
*Note:  all instruments, bottles, etc. must be sterile. 
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Figure A-1.  Progression of Primary Bovine Mammary Epithelial Cell Growth 
Treated with Proliferation Media.1 

 

 

 
1Cells were isolated from a 7-month pregnant dry Holstein Cow and cultured in 
collagen gels in a 24-well cell culture plate.  Cells were treated with proliferation 
media for 7 d (IGF-1, EGF, INS).  Pictures represent progression of cell growth in 
collagen gel culture system.  After 7-8 d of treatment with proliferation media, 
cells can be switched to a lactogenic media (IGF-1, hydrocortisone and prolactin 
with gel release) to examine effects of various agents on lactogenesis. 
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APPENDIX B: WESTERN IMMUNOBLOTTING FOR MILK PROTEINS IN 
PRIMARY BOVINE MAMMARY EPITHELIAL CELLS 

 
 Traditionally, milk protein gene expression is measured in mammary 

epithelial cell culture in response to exposure to various hormones and/or 

compounds.  In an attempt to look at translational activity an experiment was 

designed to measure milk protein levels in collagen gel cultures of BMEC.  

Various immunoblotting techniques were employed to attain this response 

without success.  The techniques utilized for immunoblotting of BMEC in collagen 

gel cultures are described here. 

 Collagen gel cultures of BMEC were removed from collagen gels by 

treatment with 0.1% collagenase in 1 x HBSS supplemented with 4% BSA at 

37°C for 30 min-1 h (until collagen was digested; Rocha et al., 1985).  Cells were 

centrifuged at 500 x g for 5 min, washed with 4 ml M199 with antibiotics, 

centrifuged at 500 x g for 5 min and stored at -80°C until treatment with lysis 

buffer.  Lactating mammary tissue was used as a positive control.  Tissue was 

prepared by pulverizing 0.1-0.25 g in 0.5 mL RIPA buffer, until homogenous.  A 

protease inhibitor, PMSF, was added to a final concentration of 100 µg/mL.  

Samples were boiled for 10 min, allowed to cool on ice, and then sonicated until 

homogenous.  Protein concentrations were determined using the Pierce BCA 

Protein Assay Kit (Pierce Chemical Company, Rockford, IL). 

 Cells were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM Tris, pH = 7.4, 

2mM EGTA, 1% Triton X-100, 0.25% sodium deoxycholate) supplemented with 
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100 U/ml aprotinin (Pierce Chemical Company, Rockford, IL) and 1 mM sodium 

orthovanadate, and the lysates were clarified by centrifugation for 15 min at 

10,000 x g in a microcentrifuge (Limesand et al., 2003).  Protein concentrations 

were determined using the Pierce BCA Protein Assay Kit (Pierce Chemical 

Company, Rockford, IL).  For immunoblotting using the large gel system 

(Limesand et al., 2003), 100 µg of clarified whole cellular proteins prepared with 

Laemmli sample buffer (per manufacturer’s recommendations, Biorad, Hercules, 

CA) were resolved on a 12.5% acrylamide gel overnight at 12 mA per gel, 

transferred to Immunobilon membrane for 1 hr (Millipore Corporation, Bedford, 

MA) at 4°C.  Membranes were blocked using any of the following: 5% nonfat dry 

milk in 0.05% TBS-5, 1% BSA in 0.05% TBS-T, 2% gelatin in TBS-T, 5% goat 

serum in 0.05% TBS-T, 5% horse serum in 0.05% TBS-T, and 0.1% TBS-T.  

Nonfat dry milk cannot be used when proteins of interest are found in the milk (α-

lactalbumin and casein proteins).  Membranes were washed 2 x 5 min, 2 x 10 

min, and 2 x 15 min in 0.05% TBS-T and incubated with (1:3000 dilution of 

primary antibodies, goat-anti bovine α-lactalbumin, Betyl laboratories, 

Montgomery, TX and goat-anti bovine casein, Innovative Research, Southfield, 

MI) overnight at 4°C.  Membranes were then washed 2 x 5 min, 2 x 10 min, and 2 

x 15 min in 0.05% TBS-T and then incubated in secondary antibody (1:10000, 

rabbit-anti-goat-HRP, Bio-Rad, Hercules, CA) for 1 h at room temperature, and 

washed again.  West pico chemiluminescence lighting (West Pico 

Chemiluminescence, Pierce, Rockford, IL) was used according to manufacturer’s 
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instructions to detect immunoblotted proteins.  Milk proteins were undetectable 

by this procedure in primary bovine mammary epithelial cells. 

 Cells were lysed in RIPA lysis buffer (150 mM NaCl, 50 mM Tris, pH = 7.4, 

2mM EGTA, 1% Triton X-100, 0.25% sodium deoxycholate) supplemented with 

100 U/ml aprotinin (Pierce Chemical Company, Rockford, IL) and 1 mM sodium 

orthovanadate, and the lysates were clarified by centrifugation for 15 min at 13, 

000 rpm in a microcentrifuge.  Protein concentrations were determined using the 

Pierce BCA Protein Assay Kit (Pierce Chemical Company, Rockford, IL).  For the 

minigel system 30 µg of clarified whole cellular proteins prepared with Laemmli 

sample buffer (per manufacturer’s recommendations, Biorad, Hercules, CA) were 

resolved on a 12.5% acrylamide gel for 1-2 hr at 200 v and transferred to a 0.22 

µM membrane overnight at 4°C at 90 mA (Biorad, Hercules, CA).  Membranes 

were blocked using 1% BSA in 0.05% TBS-T for 1 h at room temperature and 

washed 5 x 5 min with 0.05% TBS-T.  Membranes were then washed 5 x 5 min 

and incubated in HRP-conjugated primary antibodies for α-lactalbumin (1:10000; 

rabbit-anti-bovine α-lactalbumin-HRP, Bethyl Laboratories, Montgomery, TX) and 

total casein (1:1000; sheep-anti-bovine casein-HRP, Innovative Research, 

Southfield, MI) at room temperature for 1 h and washed again. West pico 

chemiluminescence lighting (West Pico Chemiluminescence, Pierce, Rockford, 

IL) was used according to manufacturer’s instructions to detect immunoblotted 

proteins.  Milk proteins were not visible in BMEC samples, although were 

detectable in lactating bovine mammary tissue. 
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 Results of these experiments indicate that immunoblotting for milk 

proteins, in collagen gel cultures of BMEC is not the proper method for milk 

protein determination.  Upon conduction of enzyme-linked immunoabsorbent 

assays, it was determined that milk protein levels were below the detectable limit 

for immunoblotting (pg/µg total protein loaded). 
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APPENDIX C: STATISTICAL ANALYSIS FOR ORTHOGONAL POLYNOMIAL 
COEFFICIENTS 

 
 Statistical analysis looking a polynomial regression in cell culture 

experiment 2 was performed.  This experiment was a concentration response 

experiment, therefore a polynomial regression analysis was conducted using the 

PROC GLM procedure of SAS (SAS 9.1, SAS Inst., Cary, NC).  Our 

experimental design only included 3 concentrations per treatment and we only 

had one timepoint at which samples were collected, therefore biological 

interpretation of the analysis is difficult.  Results of the analyses are described 

herein. 

 

SB-224289 (5-HT 1B antagonist): 

α-lactalbumin mRNA expression is the dependent variable (R2 = 0.82) 

Contrast Contrast SS Mean Square Pr > F 

Linear 7.58 7.58 0.1727 

Quadratic 42.79 42.79 0.0074 

Cubic 74.06 74.06 0.0016 
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β-casein mRNA expression is the dependent variable (R2 = 0.68) 

Contrast Contrast SS Mean Square Pr > F 

Linear 1.68 1.68 0.0671 

Quadratic 1.52 1.52 0.0791 

Cubic 3.15 3.15 0.0200 

 

 

Ritanserin (5-HT 2A antagonist): 

α-lactalbumin mRNA expression is the dependent variable (R2 = 0.93) 

Contrast Contrast SS Mean Square Pr > F 

Linear 47.72 47.72 0.0092 

Quadratic 219.1 219.1 <0.0001 

Cubic 153.7 153.7 0.0003 

 

β-casein mRNA expression is the dependent variable (R2 = 0.74) 

Contrast Contrast SS Mean Square Pr > F 

Linear 2.64 2.64 0.0138 

Quadratic 0.07 0.07 0.6180 

Cubic 3.35 3.35 0.0077 
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SB-204741 (5-HT 2B antagonist): 

α-lactalbumin mRNA expression is the dependent variable (R2 = 0.27) 

Contrast Contrast SS Mean Square Pr > F 

Linear 0.01 0.01 0.7616 

Quadratic 0.36 0.36 0.1379 

Cubic 0.01 0.01 0.7928 

 

β-casein mRNA expression is the dependent variable (R2 = 0.95) 

Contrast Contrast SS Mean Square Pr > F 

Linear 1.24 1.24 <0.0001 

Quadratic 0.39 0.39 0.0003 

Cubic 0.001 0.001 0.7055 

 

 

SB-204070 (5-HT 4 antagonist): 

α-lactalbumin mRNA expression is the dependent variable (R2 = 0.49) 

Contrast Contrast SS Mean Square Pr > F 

Linear 0.07 0.07 0.6363 

Quadratic 0.91 0.91 0.1104 

Cubic 1.25 1.25 0.0682 
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β-casein mRNA expression is the dependent variable (R2 = 0.35) 

Contrast Contrast SS Mean Square Pr > F 

Linear 0.12 0.12 0.7005 

Quadratic 2.79 2.79 0.0953 

Cubic 0.44 0.44 0.4768 

 

 

 

 

Pimozide (5-HT 7 antagonist): 

α-lactalbumin mRNA expression is the dependent variable (R2 = 0.54) 

Contrast Contrast SS Mean Square Pr > F 

Linear 0.18 0.18 0.5142 

Quadratic 0.05 0.05 0.7358 

Cubic 3.53 3.53 0.0172 

 

β-casein mRNA expression is the dependent variable (R2 = 0.55) 

Contrast Contrast SS Mean Square Pr > F 

Linear 2.36 2.36 0.1088 

Quadratic 0.48 0.48 0.4408 

Cubic 4.36 4.36 0.0397 
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