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FORMAT OF THESIS 
 

 

This thesis begins with an Abstract of the work presented.  This thesis is then arranged 

in 12 chapters.  Chapter 1: Literature Review: Cells From Breastmilk and the 

Mammary Gland, reviews the current literature on the topic and concludes with the 

overall aims of the thesis and Chapter 2: Materials and Methods, details all the 

methods used in the experiments of this thesis.  Results from the six experimental 

chapters in this thesis are then presented:  

 

Chapter 3: Optimising Conditions for Optimal Breastmilk Storage: Cell Viability. 

Chapter 4: Optimising Conditions for Optimal Breastmilk Storage: Microbiology. 

Chapter 5: Degree of Fullness and Apoptosis of Cells From Breastmilk. 

Chapter 6: Characterisation of the Wnt Pathway in Cells From Breastmilk. 

Chapter 7: Characterisation of the Wnt Pathway in Breast Cancer Cell Lines. 

Chapter 8: Wnt1, sFRP4, β-Catenin and Apoptosis in Breast Cancer Tissue 

Microarrays. 

 

Each experimental chapter has a brief overview, aims, flow diagram of the 

methodology, results, discussion, future directions and conclusions. 

 

At the end of the six experimental chapters is Chapter 9: General Discussion.  This 

chapter incorporates the findings from the six experimental chapters and gives insight 

into how these chapters have broadened the possibilities for extensive mammary gland 

research.   

 

Any publications of papers are displayed under Chapter 10: Publications. Additional 

work not displayed in the results section has been encompassed into Chapter 11: 

Appendices.  Chapter 12: Bibliography is presented thereafter which displays all the 

literature that has been cited in the thesis in author-date format. 
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ABSTRACT 
 

The mammary gland is a dynamic organ that undergoes extensive changes in 

physiology during the lactation cycle.  In addition, mammary cells can be prone to 

aberrant changes during adult life.  My research aimed to define the appropriate storage 

conditions for breastmilk with respect to cell viability and bacterial content.  I then 

investigated the apoptotic physiology and Wnt signalling in viable cells obtained from 

breastmilk.  In addition, cell lines and tissue biopsies were used to analyse abnormal 

mammary cells for apoptotic physiology and Wnt signalling.  The findings herein 

illustrate the potential to use cells from breastmilk to further study aspects of mammary 

gland biology and physiology.  

 

First, optimum conditions were established for the storage of mammary cells in 

breastmilk to maintain cell viability and minimise the effect of contamination of 

bacteria.  The storage conditions for breastmilk were investigated by analysing the 

viability of the mammary cell population and the bacterial content in stored breastmilk 

over seven days at 4 °C, room temperature and 37 °C.  Cells stored in breastmilk at 4 °C 

remained viable for up to seven days.  Viability on the day of collection had a mean of 

71.67 %, which dropped to 46.11 % by day seven.  Storage at 4 °C showed no 

significant increase in the bacterial count in breastmilk over the seven storage days, 

with 102.68 colony forming units per mL (CFU/mL) shown on the day of collection.  

The use of thermally disinfected equipment significantly lowered bacterial counts 

(18.67 CFU/mL, n=5) compared to the use of not thermally disinfected equipment 

(3105.47 CFU/mL, n=5, p<0.05), which is important for breastfeeding mothers who 

express and store breastmilk as well as women donating their milk to human milk 

banks.  The novel finding that the storage of breastmilk under these conditions retains a 

viable mammary cell population for up to seven days has provided the opportunity for 

investigations to gain a greater insight into mammary cell physiology without the need 

for invasive tissue biopsy.  

  

Optimisation of collection and storage of breastmilk enabled the investigation of 

changes in the apoptotic physiology of cells from the mammary gland.  This was 

determined during milk removal by analysing mitochondrial depolarisation.  Fore- and 

hind-milk demonstrated significantly more apoptotic cells than mid-milk (p<0.05).  The 
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initiation of apoptosis in cells from fore- and hind-milk was attributed to different 

mechanisms.   Cells in fore-milk were hypothesised to undergo apoptosis due to longer 

storage of the cells in the mammary gland before expression and cells in hind-milk were 

hypothesised to undergo apoptosis due to mechanisms of breastmilk removal.  

 

In addition, cells from breastmilk were isolated and either used immediately for 

molecular analysis or grown in primary culture.  Cultures took between 10 and 25 days 

to reach 80 % confluence.  Characterisation of Wnt1, Wnt3A, Wnt10B, β-Catenin and 

sFRP4 by qPCR and western blot was performed on cells isolated from breastmilk, as a 

representation of the normal lactating mammary gland.  sFRP4 and Wnt3A were 

expressed strongly in primary cultures that reached confluence in longer durations (21-

25 days) and it was hypothesised to be due to the pro-apoptotic and stem cell self-

renewal capabilities of these Wnt components, respectively.  Wnt10B was expressed 

strongly in cultures that reached confluence in shorter durations (10 days) and this was 

suggested to be due to the positive influence that Wnt10B has on differentiation.  

Characterisation of molecular targets in cells from breastmilk opens further avenues for 

investigations of the metabolism of human mammary cells at the molecular level during 

lactation.  The successful use of primary cultures of cells isolated from breastmilk and 

molecular characterisation, demonstrates a prospective in vitro model for normal, non-

immortalised mammary cells to be used for future studies.    

 

The characterisation of breast cancer cell lines and breast cancer tissue microarrays for 

Wnt1, Wnt3A, Wnt10B, β-Catenin and sFRP4 was performed.  Further, clarification of 

the variation of expression between non-invasive and invasive breast cancer was 

established.  Data from breast cancer cell lines confirmed that the Wnts play a role in 

breast cancer and demonstrated that sFRP4 and Wnt3A may have an antagonistic 

relationship between each other.  Results from tissue microarray analysis established 

that expression of the Wnt pathway was significantly stronger in cancer compared to 

normal tissue, however they did not significantly differ between non-invasive and 

invasive tumour types.  The expression of sFRP4 in blood vessels and stromal regions 

was significantly stronger in breast cancer compared to adjacent normal tissue.  The 

sFRP4 involvement in blood vessels and stromal regions of breast cancer provides an 

avenue to further research sFRP4 in breast cancer and reveals a potential therapeutic 

option.  
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This thesis demonstrates that breastmilk can be optimally stored, collected and the cell 

population used to detect changes in apoptosis and Wnt signalling.  The use of breast 

cancer cells and the molecular changes that occur highlight the need to further 

investigate cells from a normal mammary gland in comparison to breast cancer.  Cells 

from breastmilk have been shown in this thesis to be a non-invasive and appropriate 

model for the study of the normal lactating mammary gland and can be used as a 

comparison in future studies in the area of mammary gland biology. 
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CHAPTER 1: LITERATURE REVIEW: CELLS FROM 
BREASTMILK AND THE MAMMARY GLAND 

 

INTRODUCTION 

The mammary gland is a dynamic organ that reaches maximum growth and 

development during lactation.  The cells that make up the mammary gland are 

comprised of secretory epithelial cells (lactocytes), ductal epithelial cells, myoepithelial 

cells and mammary stem cells.  The lactocytes are responsible for producing and 

secreting milk into the luminal space of the alveolar.  

 

As breastmilk is removed from the mammary gland, some of the cells that line the 

alveolar and ductal regions are exfoliated into the milk and can be isolated by 

centrifugation.  These parenchymal cells are predominantly epithelial cells, but a small 

percentage of putative mammary stem cells are also present.  In addition to epithelial 

cells breastmilk contains immune cells including lymphocytes, monocytes and 

leukocytes that aid in conferring immunity to the breastfed infant.  In order for these 

cells to be either of benefit for the infant or be of use in mammary gland research they 

need to be viable when ingested or collected respectively.  In this latter situation 

appropriate storage of breastmilk is critical in order to maintain a viable cell population. 

 

There are currently a variety of recommendations for the length of time breastmilk can 

be stored at 4 °C ranging from 24 hours up to approximately one week.  These 

recommendations are based on measurements of bacterial content, which remains the 

biggest concern regarding breastmilk storage.  With such a wide range of 

recommendations it is difficult to specify the optimal storage time of breastmilk that 

will preserve cell viability and avoid bacterial overgrowth.  On the other hand, 

understanding the viability of the cellular component during storage is yet to be 

elucidated.  It is therefore critical that the storage conditions of breastmilk are defined 

with cellular viability and bacterial content in mind.   

 

The epithelial and stem cell cellular component in breastmilk also can be used as a 

means to study the function of the normal mammary gland as they provide a non-

invasive source of mammary cells without the need for either tissue biopsy or needle 

aspiration.  However, whether these cells can be used for current molecular and 
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physiological experiments and perhaps replace standard cell acquisition using biopsies 

is unknown.  An area deficient of investigation is the extent of apoptotic physiology of 

the cells from breastmilk and whether differences exist between fore- and hind-milk.  

Such information will facilitate the use of expressed breastmilk for research and will 

also provide information on the physiology of human lactation including any changes in 

cellular compositions as breastmilk is removed from the mammary gland. 

 

Primary cultures of cells isolated from breastmilk contain a heterogeneous population of 

epithelial cells and putative mammary stem cells.  With current technological 

developments in molecular biology allowing the investigation of the biochemistry of 

small numbers of cells, primary cultures of the cells from breastmilk offer the exciting 

possibility to investigate the signalling pathways that may play a role in the 

differentiation and maintenance of the human mammary gland.   

 

The Wnt signalling pathway is involved in development, differentiation and is often 

over-expressed in cancer.  Wnt1, Wnt3A, Wnt10B and β-Catenin (a downstream 

component of the Wnt pathway) have a confirmed role in the mammary gland, 

however, the knowledge of these Wnts in the human lactating mammary gland is 

lacking.  sFRP4 is an antagonist of the Wnt pathway and has been shown to play a role 

in apoptosis, however its role in the human mammary gland has not been investigated.  

Thus the Wnt pathway is an ideal candidate to examine both fresh cells and primary 

cultures of cells from breastmilk, to explore the potential of using cells harvested from 

breastmilk and to gain an understanding of the physiology of the lactating mammary 

gland. 

 

Aberrant growth of cells in the mammary gland can lead to breast cancer.  Breast cancer 

currently affects approximately one in 11 Australian women in their lifetime. Wnts have 

previously been shown to play a role in the progression of breast cancer, however 

further research is required to gain a better understanding of the role of Wnts (Wnt1, 

Wnt3A, Wnt10B and β-Catenin) in aetiology of breast cancer.  Additionally, sFRP4 has 

been reported to be over-expressed in cancer, which when combined with its previously 

reported apoptotic roles and the limited knowledge of its role in the mammary gland 

and breast cancer suggests that further research is required in that area.  Additionally, 

understanding the subsequent Wnt expression in a non-invasive and an invasive breast 

cancer may identify targets that play a role in the progression to a more aggressive form 
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of breast cancer.  The involvement of the Wnt pathway in non-invasive breast cancer 

compared to invasive breast cancer has not yet been verified. 

 

Current understanding on mammary cells, breastmilk storage, apoptosis and Wnt 

signalling is reviewed to define where further insight is required.   

     

THE MAMMARY GLAND 

Anatomy and Physiology of the Mammary Gland 

The mammary gland is the distinguishing feature in mammals that produces and 

delivers milk to the newborn infant.  The mammary gland is made up primarily of 

epithelial cells.  The epithelial cells in the mammary gland include lactocytes that form 

the alveolar units, ductal epithelial cells that form ducts and myoepithelial cells that 

surround the alveolar.  Myoepithelial cells contract in response to oxytocin that is 

released due to a positive feedback loop from a suckling stimulus and assists in milk 

ejection, helping to deliver milk to the infant (Svennersten-Sjaunja & Olsson, 2005).   

 

The mammary gland is enclosed within subcutaneous tissue and consists of 

approximately nine lobulated glands in each breast (Ramsay et al., 2005) called lobules 

that contain the alveoli, blood vessels and mammary ducts.  The structure of the lobules 

and ducts is tree-like where the ducts branch into smaller ductules that ends with 

alveolar.  The branched features undergo the first stage of their development during 

adolescence and do not reach complete development and differentiation until the 

initiation of lactation.  A stromal region surrounds the lobules consisting of connective 

tissue, lymph systems, adipose tissue (also called the mammary fat pad) and Cooper’s 

ligaments that support the lobules.   

 

The anatomy of the lactating mammary gland was described in detail in 1840 (Cooper, 

1840) and until recently additional studies were based around these descriptions.  For 

160 years it was suggested that the mammary gland had a regular structure of lobules 

that radiated evenly from the nipple and the number of ducts per gland was believed to 

be up to 22.  Lactiferous sinuses were shown to be present close to the ductal opening of 

the nipple and were postulated to be involved in milk storage.  However the anatomy of 

the mammary gland has recently been reviewed and new findings have overturned 

previously accepted ideas (Ramsay et al., 2005) as shown in Figure 1.1.  Studies 
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performed by Ramsay et al. (2005) using ultrasound technologies have produced a new 

model of the human mammary gland, which highlights the lack of lactiferous sinuses; 

the irregular distribution of lobules and the lower number of lactiferous ducts than was 

previously reported.  The number of ducts was shown to be approximately 9.6 and 9.2 

for the left and right breast, respectively and the absence of the lactiferous sinuses 

suggested that the ducts play a role in milk transport rather than storage (Ramsay et al., 

2005).  Additionally, Ramsay et al. (2005) described that co-distribution of the 

glandular and adipose tissue exits and branching of the ducts occurs very close to the 

nipple – leading to notion that selectively removing adipose tissue would be difficult 

and that refraining from removing tissue close to the nipple for reduction 

mammoplasties would increase the likelihood of successful future lactation.   
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Figure 1.1: Anatomy of the Mammary Gland.  
(A) Gross anatomy of human breast (exterior), (B) cleared mammary gland, (C) ductal structure of 
mammary gland, (D) lobular structure of mammary gland (containing alveoli), (E) highlight of one lobe 
(red), (F) Cooper’s ligaments, (G) adipose tissue surrounding lobes and (H) close up of mammary gland 
structure (note the absence of lactiferous sinuses). ©Medela AG, Switzerland, 2006 (Medela, 2006). 
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Mammary Gland Growth and Development 

Mammogenesis refers to the development of the mammary gland, beginning in 

embryonic development and extending beyond the initiation of lactation.  The 

developing embryo consists of three germ cell layers – the ectoderm (the outermost 

layer), mesoderm (the middle layer) and endoderm (the innermost layer) with the 

mammary gland evolving from the ectoderm and mesoderm (Hovey et al., 2002).  The 

structure of the mammary gland develops by the cells of the ectodermal area on the 

ventral surface multiplying and differentiating to form a ridge (four weeks gestation) 

that further develops into mammary discs (five weeks gestation) followed by the 

appearance of mammary buds (8 weeks of gestation, or when the embryo has a crown 

rump length of 31-42mm) (Russo & Russo, 2004).  Between weeks 13-20 in gestation, 

the parenchyma of the mammary buds branches giving rise to 15-25 solid cords (Hovey 

et al., 2002).  These structures will eventually become lactiferous ducts.  The lumen is 

formed through apoptosis (a controlled physiological form of cell death) in the centre to 

give the ducts their hollow appearance and is preceded by polarisation of cellular 

compartments (Debnath et al., 2002).  It is also important to note apoptosis occurs in the 

ductal structures allowing them to take on their hollowed feature that will ultimately be 

able to accommodate breastmilk.  

 

In the newborn infant, hollowing of the ducts has been completed, except for a solid 

core of mammary stem cells at the terminal end bud (TEB) that will further grow and 

develop during puberty and pregnancy upon hormonal stimulation. Until puberty 

growth of the mammary gland remains isometric (Lamote et al., 2004). 

 

At puberty females release cyclical patterns of follicle stimulating hormone (FSH) and 

luteinising hormone (LH) that act upon the ovaries to synthesise estrogen and 

progesterone, in turn stimulating mammary gland proliferation.  This development of 

the mammary gland occurs by the elongation and branching of the ductal system from 

the TEB into the mammary fat pad.  The primary hormone involved in mammary 

development during adolescent development is estrogen (Sternlicht et al., 2006).  

 

During pregnancy the mammary gland enters the final phase of development.  During 

this stage of mammogenesis, numerous hormones and mediators are involved in the 

differentiation and accelerated growth of the mammary gland to prepare it for lactation 

including estrogen, estrogen receptor, progesterone, prolactin, prolactin receptor, 
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growth hormone, epidermal growth factor, fibroblast growth factor, amphiregulin, 

human placental lactogen and parathyroid hormone related protein (Wysolmerski et al., 

1995; Horseman, 1999; Dunbar et al., 2001; Brisken, 2002; Kelly et al., 2002; Lamote 

et al., 2004; Ciarloni et al., 2007).  These hormones allow the extensive branching of 

ductal regions, the development of numerous alveoli and preparation and initiation of 

the lactocytes to produce and secrete milk components.  

 

Lobule Development 

The mammary lobules are clusters of alveoli that comprise the lactocyte population that 

synthesise and secrete milk during lactation.  The development of the lobules 

themselves is broken down into four stages: lobule type 1-4.  During puberty hormonal 

increases of ovarian estrogen and progesterone target the mammary cells to initiate the 

formation of the terminal duct and sprouting ductules that make up the first identifiable 

lobule, lobule type 1 (Lob 1) or the terminal ductule lobular unit (TDLU).  Lob 1 is 

represented in highest proportions and remains constant throughout life in nulliparous 

women (Russo & Russo 2004).   Extra hormonal stimulation during menstrual cycling 

in women results in the formation of more differentiated lobules: lobule type 2 (Lob 2).  

Lob 2 are characterised by an increase in ductal sprouting and alveolar development 

with lobule type 3 (Lob 3) showing even more development in the ductal and alveolar 

regions than Lob 2.  Lob 1-3 are seen in normally cycling non-pregnant women with 

Lob 2 and Lob 3 containing approximately 47 and 80 lobules, respectively (Russo & 

Russo, 2004).  During pregnancy maximum development of the lobules takes place due 

to higher levels of circulating estrogen and progesterone leading to further increases in 

ductal branching and cellular proliferation resulting in higher proportions of Lob 3.  

Once the alveolar epithelial cells become secretory the mammary gland is at its most 

developed and Lobule type 4 (Lob 4) can be identified which is characterised by high 

densities of alveolar structures and extensive ductal branching.  Images of the lobule at 

the different stage can be seen in Figure 1.2.  
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Figure 1.2: Lobules at Various Stages.  
Each image shows a whole mount with toluidine blue and haematoxylin and eosin stained sections at 
three increasing magnifications.  (A) 18 year old nulliparous woman, typical Lob 1 structures and limited 
alveolar structures, (B) 24 year old nulliparous woman with Lob 2 comprising more alveolar and ductal 
structures than Lob1, (C) 35 year old parous woman with Lob 3 that has more alveolar structures than 
Lob 1 and Lob 2.  Lob 3 is also indicative of a pregnant mammary gland,  (D) 25-year-old lactating 
human breast with Lob 4.  Lob 4 is the most developed stage of mammogenesis with the highest density of 
alveolar and ductal structures.  For each lobule structure you can clearly see the increase in complexity 
of the gland as it progresses from Lob 1 to Lob 4 as seen in the whole mount images and haematoxylin 
and eosin sections.  Adapted from Russo & Russo (2004).  
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Based on their reproductive status, non-pregnant and pregnant women cycle between 

the various lobule types.  The cycling between these lobule types can vary and is shown 

in Figure 1.3. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: Lobule Cycling in Women.   
Adapted from Russo & Russo (2004).  

 

In nulliparous women Lob 1 is almost constantly present throughout life with a small 

proportion on the lobules becoming Lob 2 at sexual maturity at a peak age of 23 and 
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will predominantly have Lob 3 after post-lactational involution, which will revert back 

to Lob 2 and Lob 1 with involution due to ageing.   

 

Each lobule is comprised of alveolar units made up of epithelial cells.  These cells are 

ultimately responsible for differentiation and development of the mammary gland and 

as such will be discussed in more detail.    

 

Structure of the Alveolar Unit 

Each alveolar gland is made up of different types of cells, namely lactocytes and 

myoepithelial cells that originate from the TEB of the primary mammary gland 

structure.  It is thought that putative terminal end stem cells give rise to transient 

luminal and myoepithelial cells which later become mature secretory and myoepithelial 

cells (Smalley & Ashworth, 2003), as shown in Figure 1.4.  As the TEB grows into the 

mammary fat pad early cap cells differentiate into mature lineages of either lactocytes 

(lining the alveolar) or myoepithelial cells (surrounding the alveolar). 
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Figure 1.4: Differentiation of TEB Cells Into Lactocytes and Myoepithelial Cells and Their Orientation 
in the Mammary Gland.  
Adapted from (Smalley & Ashworth, 2003). 
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Lactocytes are involved in the production and secretion of milk molecules that 

accumulate in the luminal space during lactation (Linzell & Peaker, 1971).  

Myoepithelial cells aid in the contraction of the alveolar unit via stimulation of oxytocin 

release to help milk move through the ductal system to be received by a suckling infant 

(Deugnier et al., 2002).  

 

Ductal Epithelial Cells 

Ductal epithelial cells line the luminal interface of the ducts and are connected by 

intracellular tight junctions (Brooker, 1980).  These cells display a cuboidal 

morphology with enlarged nucleus typical of epithelial lineages.  Breast cancer most 

commonly originates from the ductal epithelium (Sternlicht et al., 2006). 

 

Lactocytes 

The secretory epithelial cells that comprise the alveoli are also known as lactocytes and 

have the ability to produce and secrete milk components during lactation.  Depending 

upon the fullness of the alveoli, lactocytes are cuboidal (in full alveoli) to columnar (in 

empty alveoli) in appearance and line the lumen of the alveoli (Toban & Salazar, 1974).  

A typical lactocyte has an enlarged nucleus, secretory vesicles, golgi apparatus, rough 

endoplasmic reticulum and mitochondria.  During lactation, lipid droplets exocytose 

into the luminal space of the alveolar during lactation.  A cuboidal lactocyte displaying 

it’s components is shown in Figure 1.5. 

 

 
Figure 1.5: A Typical Cuboidal Lactocyte Cell With Enlarged Nuclei Typical of Epithelial Cells.  
Adapted from Berry et al. (2007) in Textbook of Human Lactation. 
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The withdrawal of progesterone at the transition from pregnancy to lactation is 

responsible for the closure of tight junctions (Nguyen et al., 2001).  The presence of 

tight junctions enables the lactocytes to actively regulate the composition of breastmilk 

(Itoh & Bissell, 2003) in that the constituents of breastmilk are synthesised and secreted 

by these cells or are selectively and actively transported into the lumen from the 

circulation. 

 

Typical to all secretory epithelium, lactocytes are characterised by a polarised 

morphology (Flint & Gardner, 1994).  At the basal margin these cells are attached to a 

laminin/integrin-rich extracellular matrix called the basement membrane.  Internally, 

the basal pole of the lactocyte contains the nucleus and is also an area rich in rough 

endoplasmic reticulum (Flint & Gardner, 1994).  Abundant secretory vesicles appear 

internally at the apical pole of the lumen whilst microvilli and a high concentration of 

dispersed fat globules and protein aggregates are visible on the apical membrane 

(Brooker, 1980). 

 

Myoepithelial Cells 

The myoepithelial cells have an irregular morphology and surround the alveoli in a 

web-like formation.  In response to the suckling infant activating mechanoreceptors in 

the nipple the hormone oxytocin is released that acts upon the myoepithelial cells 

causing them to contract around the alveoli thereby ejecting milk out of the lumen and 

along the ducts to the feeding infant (Neville et al., 1983).  Myoepithelial cells are 

attached to the basement membrane and the alveolar surface by hemidesmosomes and 

desmosomes, respectively (Flint & Gardner, 1994).  

 

BREASTMILK AND ITS USE IN MAMMARY GLAND BIOLOGY 

Overview of Breastmilk 

Breastmilk is the optimal source of nutrition and developmental guidance for the infant 

(Newton, 2004).  Breastmilk is a heterogeneous fluid, which is comprised of macro and 

micro constituents.  These include proteins, carbohydrates, minerals, vitamins, 

metabolites and other molecules.  These contents are packaged into secretory vesicles in 

the lactocytes, transported to the apical membrane and secreted into the breastmilk via 
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exocytosis (McManaman & Neville, 2003).  These constituents are beneficial to the 

breastfed infant.  Breastmilk also contains live cells including immune cells 

(leukocytes, lymphocytes and macrophages) and epithelial cells (both putative 

mammary stem cells and mature mammary epithelial cells).   

 

History of Using Cells From Breastmilk 

Human breastmilk has sometimes been referred to as a ‘live fluid’ as it contains a 

heterogeneous population of living cells.  Holmquist & Pananicolaou (1956) first 

reported the identification of cells in breastmilk and demonstrated that breastmilk 

provided a source of mammary cells without the need for invasive tissue biopsy 

(Holmquist & Papanicolaou, 1956).  Buering (1972) was the first to successfully grow 

cells isolated from breastmilk in culture (Buehring, 1972).  Studies utilising breastmilk 

include investigating the cellular physiology of the breast and biochemical analysis of 

the breastmilk itself.  Figure 1.6 shows the physical appearance of isolated cells from 

breastmilk and the appearance they take when grown in culture. 

 

       
Figure 1.6: Cells From Breastmilk. 
Isolated breastmilk cells down a microscope (A) and primary breastmilk cells grown in culture (B).  
Adapted from (Berry et al., 2007). 
 

Putative Mammary Stem Cells in Breastmilk 

Cregan et al. (2007) have identified that a heterogeneous population of progenitor/stem 

cells, as well as their differentiated progeny, can be isolated and propagated from 

expressed human breastmilk.  By using cytokeratin (CK) 5, CK14 and CK18 markers in 

addition to the multipotent stem cell marker Nestin, Cregan et al. (2007) were able to 

A B 
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show that the cells in breastmilk were positive for both mammary stem cell marker CK5 

and Nestin (Figure 1.7).   

 

 
Figure 1.7: Nestin (Red) and CK5 (Green) in Primary Cultures of Cells Isolated From Breastmilk. 
This image shows that a mammary stem cell population exists in breastmilk.  Adapted from Cregan et al. 
(2007). 
 

Further, cells grown in culture from primary breastmilk cell isolates were also positive 

for CK14: a mature myoepithelial marker and CK18: a mature secretory epithelial 

marker.  Together these findings indicate the presence of a putative mammary stem cell 

in breastmilk and their differentiated progeny.  Thus the growth of primary cultures of 

cells isolated from breastmilk represents an epithelial culture of human cells from the 

mammary gland.  There are additional markers that could be used to identify stem cells 

in breastmilk, including CD44 and CD133 – human haematopoietic stem cell markers 

and ALDH1 – a normal mammary stem cell marker. 

 

Breastmilk as a Non-invasive Source of Cells to Study the Mammary Gland 

Utilising cells from breastmilk is a non-invasive means to study the human mammary 

gland without the use of needles or obtainment of tissue after surgery.  Cells from 

breastmilk are also free of connective tissue fibroblasts that are seen in the traditional 

method of obtaining primary mammary cells (Buehring, 1972).  Further, biopsies are 

usually only performed on patients who consequently may have genetic predisposition 

towards breast cancer in their normal surrounding cells potentially biasing analysis of 

normal cell physiology and signalling.  Breastmilk provides cells from a lactating, non-
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cancerous breast making these samples idyllic supplementary source of mammary cells 

for studying aspects of the normal mammary gland.  

 

The Degree of Breast Fullness  

Many changes occur with the degree of fullness (DoF) of the breast.  Currently it is 

known that fat content can change from a full to empty breast (Daly et al., 1993).  In 

order to establish the DoF of the breast Daly et al. (1993) established an algorithm that 

related fat content to breast fullness.  Here they developed a scale from 0 to 1 – where 0 

represents an empty breast with the highest fat content and 1 represents a full breast 

with the lowest fat content.  This algorithm and scale is used to determine the DoF of 

breastmilk samples.  By knowing the DoF it is possible to compare samples between 

mothers and determine any trends or changes that exist as DoF changes.  It is unknown 

whether physiological factors of the cells from breastmilk change with DoF of the 

breast, for example apoptotic physiology.  Understanding this would further establish 

the physiological state of the mammary gland as milk is removed.   

 

Benefits of the Cellular Component of Breastmilk to Infants. 

The cellular components of human breastmilk vary between individuals and also with 

the stage of lactation (Ho et al., 1979; Pitt, 1979; Brooker, 1980; Buescher & Pickering, 

1986).  The cellular component comprises various types of immune cells that comprise 

up to 99 % of the total cell count at parturition and decrease to 8 % at six months post-

partum (Ho et al., 1979; Brooker, 1980).  Meanwhile, the epithelial-derived proportion 

of cells in breastmilk rises from as little as 1 % at birth to up to 85 % at six months post-

partum (Kordon & Smith, 1998).   

 

Immune cells are found in breastmilk with their role being to protect the mammary 

gland from infection as evidenced by the presence of activated immune cells in human 

breastmilk (Wirt et al., 1992).  Further, these cells may also be responsible for 

conferring immunity in the infant in that these activated leukocytes may confer 

protection to the infant from the pathogens to which they are activated.  Radiolabelled 

human breastmilk leukocytes have been shown to be detected in the circulating blood of 

infant baboons (Jain et al., 1989).  This statement suggests that live breastmilk cells 

have diapedesed through the gut wall and and are thus circulating in the blood of the 

infant and can confer immunity.  Murine studies have shown that maternal cells of B-
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cell lineage can be detected in B-cell deficient offspring (Arvola et al., 2000).  Together 

these studies demonstrate the possibility that the leukocyte population in breastmilk can 

diapedese through the wall of the gastrointestinal tract of the infant and confer immune 

protection.  Should such a mechanism be occurring in the human infant it would clearly 

demonstrate a unique immunological interaction between the mother and the breastfed 

infant.  

 

BACTERIAL CONTENT IN BREASTMILK, STORAGE AND ITS IMPLICATIONS 

Bacteria Present in Human Breastmilk 

Common bacteria have been identified in human breastmilk and include: 

Staphylococcus epidermidis, Streptococcus viridins, Escherichia coli, Klebsiella 

pneumoniae, Pseudomonas species and Enterobacter species, (Larson et al., 1984; Sosa 

& Barness, 1987).  It has been described that commensal bacteria present in breastmilk, 

including Staphylococcus epidermidis, has an inhibitory effect on the growth of 

Staphylococcus aureus – a pathogenic bacteria which can cause maternal breast 

infections and infections in the breastfed infant (Heikkila & Saris, 2003).  

 

During a breastfeed or expression of breastmilk using a breastpump commensal bacteria 

that reside on the skin of the breast can be transferred to the breastmilk.  Resident 

bacteria found on the skin include Staphylococcus epidermidis, Staphylococcus 

hominis, Micrococcus species and Corynebacterium species (Chiller et al., 2001).  Oral 

bacteria found in the infant can be transferred to the mothers skin on the breast and 

subsequently transferred to the breastmilk during an expression.  Most commonly 

identified bacteria in the oral cavity include species of Gemella, Granulicatella, 

Streptococcus and Veillonella, where the most identified is Streptococcus mitis (Aas et 

al., 2005).  Other enteric bacteria can also be isolated in the oral cavity, including 

Escherichia coli and the Klebsiella-Enterobacter group (Murray et al., 2005) that may 

also be consequently found in breastmilk.  

  

Storing Breastmilk and Implications for Expressing Mothers 

For breastfeeding mothers, storing expressed breastmilk can be a common occurrence.  

However due to the lack of consistent evidence in the literature and variation in 

guidelines, confusion exists as to the optimum storage conditions for breastmilk.  The 
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Australian Breastfeeding Association (ABA) guidelines state that mothers can express 

their breastmilk and store it at room temperature (RT) (less than 26 °C) for six to eight 

hours or in the refrigerator (less than 4 °C) for three to five days (ABA, 2008).  Current 

literature has a variety of recommendations for storage at 4 °C ranging from 24 hours 

up to eight days (Bjorksten et al., 1980; Larson et al., 1984; Sosa & Barness, 1987; 

Pardou et al., 1994; Ogundele, 2000; Lawrence & Lawrence, 2005; Rechtman et al., 

2006; Silvestre et al., 2006).  The La Leche League International (LLLI) and 

commercial providers of breastpump equipment also recommend a variety of time for 

breastmilk storage at 4 °C from 48 hours to eight days (Avent, 2008; LLLI, 2008; 

Medela, 2008).  Due to the variety of recommendations and the lack of knowledge of 

any bacterial types present on the equipment used and within the breastmilk itself and 

also the consequential growth of these bacteria when breastmilk is stored it is necessary 

to describe these parameters with a view to appropriate breastmilk collection and 

storage to benefit expressing mothers.  Bacteria are naturally found in breastmilk 

however it is not known whether different collection methods and storage conditions 

add to the endogenous bacterial load.   

 

Breastmilk Storage, Bacterial Content and Implications for Human Milk Banks 

Neonatal intensive care units (NICU) rely on breastmilk from donor mothers that is 

given to infants whose mothers are unable to supply sufficient milk for their own 

infants.  Donor mothers are provided with advice on collecting and storing milk and the 

cleaning of equipment, which includes washing hands with liquid soap for 30 seconds, 

turning off taps with a paper towel and using alcohol based hand gels as a safeguard 

throughout expression.  Storage is recommended immediately in a freezer.  Despite this, 

milk banks are often forced to dispose of donated breastmilk due to high bacterial 

counts or the presence of pathogens.  The Perron Rotary Express Milk Bank (PREM 

Bank) at King Edward Memorial Hospital (KEMH) for Women will dispense donations 

after pasteurisation, where the raw donation contains less than 1 x 105 CFU/mL total 

confluent growth of organisms and no potential pathogens or bacteria capable of 

producing heat stable enterotoxins.  These standards have been developed through the 

history and experience of human milk banking and by adaptation from the dairy 

industry (Balmer & Wharton, 1992).  There is little evidence that exceeding these limits 

poses any clinical risk to preterm infants (de Louvois, 1982) however, these standards 

remain current best practice in human milk banking.   



______________________________________________________________________ 

Chapter 1: Literature Review______________________________________________________________________________ 23 

 

Since its establishment, the PREM Bank has discarded 30 % of processed donations 

where the sample taken before pasteurisation does not conform to these standards.  Due 

to the time taken for results of traditional laboratory culture methods to become 

available (minimum 24 hours) and the need to thaw and pasteurise donations in the 

shortest possible time to maintain optimum storage conditions, the PREM Bank must 

pasteurise donations before the bacterial content of the donation is known.  

Understanding the number of bacteria in breastmilk and the genus and species present 

will provide valuable information that may result in a decrease in donations lost to high 

bacterial content.  Further, information regarding equipment cleaning protocols and the 

impact of breastmilk storage conditions is needed and will allow human milk banks to 

provide more appropriate advice to donors, enabling fewer donations to be discarded. 

 

Storing Breastmilk and the Impact for Use in Mammary Gland Biology 

Breastmilk is used in mammary gland biology for the isolation of cells for primary 

culture growth and for biochemical and physiological tests of the isolated cell 

population.  Primary cultures are sometimes sacrificed as growth of the cells is inhibited 

due to high bacterial contamination.  Counter-acting bacterial growth with high 

antibiotics can also have a negative effect on cell growth, so it is important to have low 

bacterial levels to begin with to increase the likelihood of successful primary culture 

growth.  Also maximum viability is needed to increase success of using breastmilk as a 

source of cells.  Periods of storage are often required in addition to transport times after 

collection of breastmilk.  Therefore in addition to benefitting expressing mothers and 

milk banks, understanding the impact of storage on bacterial content and cellular 

viability will improve the use of breastmilk for studying the mammary gland. 

 

When using breastmilk donations for research purposes the breastpump equipment used 

to collect the breastmilk has gone through hospital grade cleaning practices (thermal 

disinfection).  On occasions, mothers donating breastmilk will express using their own 

equipment.  Whether or not the type of equipment used to collect breastmilk impacts the 

bacterial content is unknown.  Having higher bacterial loads in breastmilk can affect the 

ability to successfully use the cells from breastmilk in primary culture.  Therefore 

understanding the differences in bacterial load between equipment cleaned using 
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hospital-grade methods and that cleaned by the mother using warm soapy water (which 

is recommended by the ABA) is needed. 

 

Being able to more efficiently and effectively utilise breastmilk as a source of cells for 

mammary gland biology will broaden areas of potential research including: studying the 

epithelial component in breastmilk, signalling pathways present, cellular physiology 

and increasing the success of primary cultures.  Understanding the regulation and 

physiology of the epithelial component of the mammary gland at the normal lactating 

state provides insight to how the gland functions.  Awareness of the mammary gland in 

it’s most developed normal state is useful when aberrations in the epithelial components 

occur, for example breast cancer.  

 

ABERRATIONS TO THE NORMAL MAMMARY GLAND: BREAST CANCER 

The epithelial cells of the mammary gland are the most common site for uncontrolled 

neoplastic growth or cancer (Mallon et al., 2000).  Cancer occurs when a normal cell 

behaves abnormally and undergoes uninhibited cell division usually resulting in the 

formation of tumour, or a solid mass of cells.  Breast cancer is the most commonly 

diagnosed reproductive cancer in women and the second most frequent cause of cancer 

related-deaths ((AIHW) & (AACR) 2004).  In 2001 there was a diagnosis of 117.2 new 

cases per 100,000 Australians (AIHW & AACR, 2004). Although pre-diagnostic 

procedures have become more sensitive over the decades the survival of patients with 

metastatic disease has remained unchanged (Wicha et al. 2006).  Most frequently 

diagnosis occurs in post-menopausal women after the age of 50.  Malignancies can be 

detected via routine mammogram screening (see Figure 1.8) (Harvey et al., 2008).  

 
Figure 1.8: Mammogram Depicting Identification of a Ductal Carcinoma In Situ. 
Positive identification of breast malignancies from mammograms is seen as white areas in the breast 
tissue (arrows).  Adapted from Harvey et al. (2008). 
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Staging and Classification of Various Breast Cancers 

Breast cancers can be divided into different stages that have varying pathologies (see 

Table 1.1).  Non-invasive breast carcinoma includes ductal carcinoma in situ (DCIS) 

and lobular carcinoma in situ (LCIS).  These types of tumours are contained within the 

epithelial lining of the duct and lobule structures.  More advanced tumours T1-4 are 

invasive and have invaded beyond the epithelial lining of the ducts and lobules.  

 
Table 1.1: Staging Classifications of Breast Cancers. 
Adapted from Benedet et al., 2000 containing staging classifications by the International Federation of 
Gynaecology and Obstetrics (FIGO) Committee on Gynaecologic Oncology and the International 
Gynaecologic Cancer Society (IGCS) Guidelines Committee (Benedet et al., 2000). 
 

Stage Description 
TX Primary cancer cannot be assessed. 

TO No evidence of primary tumour. 
Tis Carcinoma in situ, ductal carcinoma in situ, lobular carcinoma in situ. 
T1 Tumour 2cm or less at greatest dimension. 

T1a – 0.5cm or less at greatest dimension. 
T1b – More than 0.5cm but no more than 1cm at greatest dimension. 
T1c – more than 1cm but less than 2cm at greatest dimension.   

T2 Greater than 2cm but not greater than 5cm at greatest dimension. 
T3 Tumour greater than 5cm at greatest dimension. 
T4 Tumour of any size with direct extension to chest wall or skin. 

T4a – Extension to chest wall. 
T4b – Oedema or ulceration of the skin of the breast or satellite skin 
nodules confined to the same breast. 
T4c – Both T4a and T4b. 
T4d – Inflammatory carcinoma. 

 

DCIS is usually discovered by a lump in the breast and is the most commonly 

diagnosed breast cancer type.  Routine mammograms will show DCIS as a white spec.  

DCIS are confined to the ductal regions, generally do not migrate through the ductal 

wall and are non-invasive tumour types.  DCIS has a high treatment rate but if left 

untreated, will eventually become malignant.  LCIS is not as easily detected and is not 

generally evident on mammograms.  LCIS is usually found by chance with removal of a 

lump or from a biopsy.  Examples of DCIS and LCIS are shown in Figure 1.9.   
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Figure 1.9: DCIS in Lob 1 (A and B) and LCIS in Lob 2 (C and D).   
The dark staining in the whole mount sections with toluene blue (A, C) show the site of the malignancies. 
As seen in the haematoxylin stained sections (B, D) the tumour remains confined to the ductal and 
lobular region and has not infiltrated the surrounding stroma.  Adapted from Russo & Russo (2004).  
 

Ductal carcinomas originate in the terminal ductal lobular unit (TDLU), or lobule 1.  

Lobular carcinomas originate in lobule 2 (Russo & Russo, 2004).  Both DCIS and LCIS 

are precursors for invasive metastatic breast cancers.  Invasive breast cancer is often 

paired with poorer prognosis however understanding the expression of genes and 

proteins that may be involved in the maintenance of a more invasive phenotype would 

provide potential targets for future cancer therapeutics.   

 

Breast cancers are rarely seen in Lob 3 or Lob 4 of the mammary gland.  The 

development of breast cancers at different lobule stages is shown in Figure 1.10. 
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Figure 1.10: Development of Breast Cancers at Different Lobule Stages.   
Adapted from Russo & Russo (2004). 

 

Treatment options for breast cancer vary depending on the stage of the tumour at 

diagnosis.  Treatments can include surgery, radiation therapy, mastectomy alone, 

mastectomy and reconstruction, chemotherapy and hormone therapy. 

 

The Role of the Estrogen Receptor in Breast Cancer 

Estrogen is widely accepted as a major player in the development and progression of 

breast cancers (Massarweh & Schiff, 2006).  The estrogen receptor (ER) is therefore the 

most frequently targeted receptor for molecular therapies to combat breast cancer. 

 

Estrogen ligands bind to the ER in the nucleus and along with the recruitment of co-

regulatory proteins termed co-activators (CoA) enhance binding to estrogen response 

elements (EREs) and drive transcriptional activity of the receptor (Schiff et al., 2005; 

Massarweh & Schiff, 2006).  This transcriptional activity promotes proteins involved in 

cell growth, differentiation and division (Massarweh & Schiff, 2006).  For example the 

proliferative Ret pathway has recently been shown to interact with ER signalling and 

Ret signalling has been shown to show stronger levels in ER-positive tumours (Boulay 

et al., 2008).  The pathway for transcriptional activation due to the ER is shown in 

Figure 1.11. 
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Figure 1.11: Pathway of Transcriptional Activation Caused by ER. 
Adapted from (Arpino et al., 2008). 

 

Breast cancer has frequently been termed heterogeneous as there is more than one 

pathway involved in the transcriptional activation of target genes that work to maintain 

the cancerous tissue.  When studying aspects of breast cancer it is important to note 

whether the ER is present or absent (positive or negative) and whether the ER is a 

contributing factor to the transcriptional activation of target genes. 

 

PHYSIOLOGICAL PROCESSES CONTROLLING THE MAMMARY GLAND 

Homeostasis 

Cells in the human body depend upon homeostatic regulation.  Homeostasis allows the 

cell number to be regulated, maintaining a balance between cell growth or division and 

cell death or apoptosis.  Overactive cell division (or the inability of apoptotic pathways 

to be carried out) can lead to diseases such as cancer. 

 

Cell Death 

There are a number of ways a cell can die – including necrosis, anoikis, autophagy and 

apoptosis.  Necrosis is often paired with an inflammatory response and is an irregular, 
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non-distinct destruction of a cell, usually due to toxins or injury, for example.  Anoikis 

is a specific form of cell death which results from the loss of attachment of cells that are 

typically bound to the extracellular matix (Frisch & Screaton, 2001).  Autophagy is a 

process of cell death that degrades the cells own components via the lysosyme in the 

cell.  Autophagy has also been elucidated to play a role in the destruction of bacteria 

that may be infecting a cell, however the exact mechanisms and control of this form of 

cell death remains unclear.  Apoptosis is one of the most interesting forms of cell death 

as it is programmed and has numerous pathways cellular events that occur, thus it will 

be discussed separately.  

 

Apoptosis 

Apoptosis is a form of physiological cell death or cell suicide (Kiess & Gallaher, 1998) 

that has allowed for tissue remodelling and homeostasis while removing potentially 

harmful cells from an organism (Sprick & Walczak, 2004).  Kerr et al. (1972) first 

described apoptosis as a form of extensive cell death with little tissue disruption.  

Apoptosis is characterised by the formation of apoptotic bodies with the condensation 

of the nucleus and cytoplasm and nuclear fragmentation (Kerr et al., 1972).  Caspases 

(intracellular-aspartate proteases) initiate deoxyribonucleic acid (DNA) cleavage 

resulting in the fragmentation of the nucleus into 185 base pair multiples.  This 

fragmentation of the DNA is commonly detected via the use of commercially available 

apoptotic detection kits, for example via terminal uridine deoxynucleotidyl transferase 

biotin-dUTP nick end labelling (TUNEL).  Apoptosis differs from the other form of cell 

death, necrosis, which consists of osmotic swelling, cell lysis and the eruption of 

cytoplasmic matter causing an inflammatory response. 

 

Mitochondrial Depolarisation and JC-1 

An early event of apoptosis is the change in the mitochondrial membrane potential 

(Δψmt).  Mitochondrial depolarisation is an indication of irreversible apoptosis (Zuliani 

et al., 2003).  Under environmental conditions of mitochondrial depolarisation certain 

dyes can be incorporated into the mitochondria and form J-aggregates that results in 

changes in the absorption and fluorescence of the dyes (Smiley et al., 1991).  These 

changes allow the early detection of apoptotic events that can be measured using 

fluorometric analysis, like fluorescence activated cell sorting (FACS).  A commonly 

used dye to detect mitochondrial depolarisation is 5,5’,6’6’,-tetrachloro-1,1’,3,3’-



______________________________________________________________________ 

Chapter 1: Literature Review______________________________________________________________________________ 30 

tetraethylbenzimidazolocarbocyanine iodide, or more colloquially known as JC-1.  At 

low Δψmt, JC-1 exists as at a green-fluorescent monomer (absorption/emission 

514/529nm).  At high Δψmt, JC-1 forms red fluorescent J-aggregates (absorption/ 

emission 585/590nm).  Mitochondrial depolarisation is detected by a decrease in the 

ratio of red/green fluorescence.  This method is widely used to detect the early stages of 

apoptosis. 

 

Apoptosis in Mammary Gland 

Apoptosis of the epithelial cells in the mammary gland is a key process for 

development, function and involution.  Apoptosis is critical and most extreme when 

removing the redundant milk secreting cells of the alveoli at weaning (Green & Streuli, 

2004).  During this stage of post-lactational involution the alveolar epithelial cells 

undergo apoptosis and extracellular remodelling (Furth et al., 1997; Sutherland et al., 

2007).  The accumulation of milk in the alveolar lumen has an inhibitory affect on milk 

synthesis that results in the alveolar atrophy by the activation of apoptosis and 

inhibition of the Janus kinase/signal transducer and activator of transcription 

(JAK/STAT) pathway (Philp et al., 1996; Li et al., 1997; Watson, 2006; Sutherland et 

al., 2007).  STAT5 is activated by prolactin that is thought to be involved in milk 

synthesis.  Prolactin is known to decrease over the first six months of lactation where 

the basal and sucking stimulated prolactin levels were 119 and 286 µg/L at one month 

and 59 and 91 µg/L at six months (Cox et al., 1996).  A decline in prolactin will 

diminish the signalling for JAK/STAT.  Prolactin returns to baseline levels at involution 

and therefore no longer provides stimulus for STAT5.  Tyrosine phosphorylation of 

STAT5 isoforms is sharply decreased during involution showing its potential role in the 

remodelling of the mammary gland following lactation (Lui et al., 1996). Other 

autocrine signalling systems can also affect the involution of the mammary gland 

including feedback inhibitor of lactation (FIL).  FIL is a milk protein that inhibits the 

milk constituent secretions via an autocrine feedback inhibition from the lactocytes 

when the gland is not emptied, leading to apoptosis and remodelling of the milk 

producing cells and structures (Rennison et al., 1993; Wilde et al., 1999; Stefanon et al., 

2002).  Apoptosis is also seen in the mammary gland during embryonic development, 

during the completion of mammary maturity at puberty including the hollowing out of 

luminal space in the alveoli, during the oestrus cycle and also during senescence of 

post-menopausal women (Strange et al., 2001; Green & Streuli, 2004).  Involution due 
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to ageing occurs in menopausal women as a result of declining ovarian function.  

Ovarian hormones estrogen and progesterone that previously targeted the alveolar and 

ductal cells to proliferate are decreased (Steiner et al., 2003; Wu et al., 2005) causing 

regression in both the epithelia and stroma (Walker & Martin, 2007).  Morphometric 

studies have shown the amount of epithelial tissue present in the mammary gland to 

decline steadily from the third decade (Hudson et al., 1985).  Apoptosis is therefore a 

critical part of mammary function and an abnormal balance between epithelial cell 

proliferation and apoptosis in the mammary gland leaves the tissue susceptible to 

neoplasia. 

 

Apoptosis and Cancer 

Under normal homeostatic conditions, cell numbers are regulated and apoptosis is 

utilised to maintain a normally functioning cell population (Kerr et al., 1995).  Loss of 

cell number regulation can lead to abnormal signals of uncontrolled cell division and 

cellular repair.  Atypical mutation in genes involved in apoptosis can cause uncontrolled 

cell survival signals and eventually result in cancer formation (Peter et al., 1997).  

Without the normal functioning apoptotic signals, cells that would normally be 

sacrificed would not be eliminated and would be allowed to replicate in the mutated 

state.  

 

SIGNALLING PATHWAYS CONTROLLING THE MAMMARY GLAND 

The control of many different tissue and cell types relies on signalling pathways that 

enable their fate to be established.  Some of these signalling pathways drive, whereas 

others inhibit, cellular processes.  The genes that regulate these signalling pathways are 

important focal points for studies where the understanding of cellular processes such as 

cellular proliferation, differentiation and apoptosis are required.    

 

The Wnt Family  

The Wnt family are a group of 19 cysteine rich, secreted glycoproteins that play a role 

in cell survival and signalling in both the development and adult stages.  The term Wnt 

was formed after a joining of the two terms int-1 and wingless (Wg), which are 

homologous genes in mammals and Drosophila respectively. The Wnt cascade is 

important for events in developing embryos and plays a significant role in 
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cardiovascular disease and neurodegenerative disease (Li et al., 2006).  Additionally 

Wnt signalling has been implicated in placental development and regulation 

(Sonderegger et al., 2007) as well as the development in the brain (Lako et al., 1998).  

Wnt signalling is known to play a role in various cancers including breast, ovarian, 

prostate, bladder, non-small cell lung cancer and chronic lymphatic leukaemia 

(Boerboom et al., 2005; Benhaj et al., 2006; Urakami et al., 2006; Chim et al., 2008; 

Huang et al., 2008; Wang et al., 2008). 

 

Wnt Signalling Pathways 

There are three known pathways in which Wnt and the associated downstream proteins 

are involved:  

• The Wnt/Ca2+ pathway  

• The planar cell polarity (PCP) pathway  

• The canonical Wnt β-Catenin pathway   

Often these pathways are further grouped into two categories, the canonical pathway 

and the non-canonical pathway (comprising both the Ca2+ and PCP pathways).  Wnt 

pathway members involved in the canonical pathway include Wnt1, 2, 2B 3, 3A, 8, 8A, 

8B, 9A and 10B.  Wnts involved in the non-canonical pathway include Wnt 4, 5A, 5B, 

6, 7A and 11 (Li et al., 2006).  The canonical Wnt/β-Catenin is the predominant 

pathway involving a complex array of downstream processes resulting in transcriptional 

regulation being either active or inhibited and can be seen in Figure 1.12: 

 



______________________________________________________________________ 

Chapter 1: Literature Review______________________________________________________________________________ 33 

 
 

Figure 1.12: Canonical Wnt Signalling Pathway.   
The diagram on the left shows the absence of Wnt signalling, where the GSK3-β complex remains intact 
and β-Catenin phosphorylates and degrades in the cytoplasm.  The diagram on the right shows the 
presence of Wnt signalling where the Wnt binds to the frizzled receptor with the assistance of LRP, which 
activates the Dsh causing a breakdown of the GSK3-β complex.  As a result, β-Catenin is not 
phosphorylated, accumulates in the cytoplasm and translocates to the nucleus where it activates target 
genes LEF and TCF.  Adapted from Reya & Clevers (2005).  
 

 

The majority of the Wnts follow the canonical signalling pathway.  As depicted in 

Figure 1.12, Wnts binds to a transmembrane receptor, frizzled (Fz) with the help of 

low-density lipoprotein-receptor-related proteins 5/6 (LRP5/6).  The activated Fz 

transduces the signal to the dishevelled (Dsh) cytoplasmic protein that leads to the 

inhibition of the kinase glycogen synthesase-3β (GSK-3β) (Karim et al., 2004).  This 

leads to the breakdown of the β-Catenin destruction complex, which is made up of 
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Axin, tumour suppressor adenomatous polyposis coli (APC) and GSK-3β (Giles et al., 

2003; Behrens & Lustig, 2004; Reya & Clevers, 2005).  This cascade of events results 

in the accumulation and stabilisation of β-Catenin, translocation to the nucleus and 

association with transcription factors: T-cell factor/lymphoid-enhancing factor 

(TCF/LEF), resulting in positive signalling for cellular proliferation including 

reinforcement in cancer (Behrens & Lustig, 2004; Logan & Nusse, 2004).  The 

canonical Wnt pathway activation of TCF/LEF leads to the transcriptional activation of 

proto-oncogenes including c-myc and cyclin D1 that are involved in promotion of the 

cell cycle.  If Wnt signalling is absent the β-Catenin destruction complex remains intact 

causing a phosphorylation of β-Catenin in the cytoplasm and the inability to translocate 

to the nucleus.  If β-Catenin does not translocate to the nucleus and associate with the 

TCF/LEF complex, TCF/LEF will act to suppress transcription of the Wnt target genes.   

 

Non-canonical Wnt signalling is not as clearly defined as canonical Wnt signalling.  

During non-canonical Wnt signalling the Wnts bind to the Fz receptors that are absent 

of the co-receptors LRP5/6 resulting in an increase of Ca2+ in the cytoplasm.  The 

increase in cytoplasmic Ca2+ ultimately results in the activation of transcription factors 

(Li et al., 2006). 

 

The Wnt pathway is involved in the maintenance of cell number via activation of the 

cell cycle proto-oncogenes.  Some of the Wnt pathway components are often up-

regulated in cancers.  The involvement of Wnts in cancer development was suggested 

after the discovery that the int-1 gene was transcriptionally activated in mammary 

tumours of mice (Behrens & Lustig, 2004).  Increased β-Catenin has been found in 

cancers implicating the over-activity of canonical Wnt signalling.  High β-Catenin 

levels have been detected in cancers including murine mammary tumours, endometrioid 

carcinomas and colon cancer (Gamallo et al., 1999; Teuliere et al., 2005; Feng Han et 

al., 2006). 

 

The Wnt pathway has been implicated in proliferation and differentiation.  Recently 

Wnt3A and β-Catenin have been localised in the basal layer of the human epidermis, 

sweat gland and hair follicles, which implies that they may play a role in the 

development of the skin (Jia et al., 2008).  Jia et al. (2008) further discovered that 

Wnt3A promoted proliferation of human skin cells.  Additionally, murine epithelial 
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cells grown in culture that were treated with Wnt10B showed an increase in 

differentiation (Ouji et al., 2008).    

 

Wnt Pathways in the Mammary Gland 

The Wnt pathway is involved in the development of the mammary gland.  During 

murine mammary development in the embryo Wnt signalling (especially Wnt10B) 

promotes the development of mammary placodes from which the mammary gland 

develops (Chu et al., 2004).   Positive Wnt signalling and hence β-Catenin activation is 

vital for murine lobule and alveolar development and cell survival signals in mammary 

epithelial cells (Tepera et al., 2003).  LEF1, a transcription factor that is activated in the 

nucleus when Wnt signalling is active, is required for the development of mammary 

rudiments that was also established using a muring model (Brennan & Brown, 2004).  

Wnt10B is involved in early murine mammary development and can increase branching 

of mammary ducts and cause an increase in alveolar development when over-expressed 

(Lane & Leder, 1997).  It is believed that Wnt signalling is involved in the division and 

survival of mammary progenitor cells (Liu et al., 2004).  In murine studies Wnt1 and 

Wnt3A are known to show a high efficiency of morphological transformation when 

transfected into C57MG murine cell line (Wong et al., 1994).  The study performed by 

Wong et al. (1994) concluded that Wnt1 and Wnt3A were involved in the normal 

regulation of mammary tissue.   

 

Wnts have been implicated in cancers of the mammary gland.  Wnt3A, Wnt4, Wnt6, 

Wnt8B, Wnt9A and Wnt10B are known to be up-regulated in some breast cancer cell 

lines (Benhaj et al., 2006) and Wnt10B is expressed in human breast carcinomas (Bui et 

al., 1997).  Wnt1/β-Catenin induced tumourigenesis in the mammary gland has recently 

been connected to mammary stem/progenitor cells (Lindvall et al., 2006).  Increased 

Wnt signalling has been shown to transform primary human mammary epithelial 

cultures to a tumourigenic phenotype (Ayyanan et al., 2006).  Whether the Wnt 

pathway is involved in a more invasive phenotype of breast cancer has not been 

elucidated and as such, is an area that requires further investigation.   
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Wnt Pathway in Stem Cells – Possible Links to Cancer Development 

Normal Wnt signalling has been implicated in the renewal of stem cells (Reya & 

Clevers, 2005) especially during development.  Wnt3A has recently been discovered to 

play a role in the self-renewal of human embryonic stem cells (Hay et al., 2008).  More 

so, treatment of murine embryonic stem cells with Wnt3A in combination with bone 

morphogenic protein-4 has been shown to significantly enhance proliferation (Lin et al., 

2008).  However when normal Wnt signalling becomes uninhibited it can lead to 

atypical expansion of the stem cell population leading to cancerous tissue formation 

(Reya & Clevers, 2005).  The exploited ability of these stem cells and Wnt signalling in 

conferring cancerous tissue is outlined in Figure 1.13.  

 

 
 

Figure 1.13: Wnt Signalling and the Influence on Stem Cells and Their Cancer Potential.   
Abnormal Wnt signalling (red arrows) either in stem cells (dark blue) or progenitor cells (light blue) can 
lead to maintenance of cancerous tissue.  Adapted from Reya & Clevers (2005). 
 

The Secreted Frizzled Related Protein Family 

Secreted frizzled-related protein (sFRP) family members are major antagonists of the 

Wnt pathway.  sFRPs have the capability of restricting both canonical and non-
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canonical Wnt signalling.  sFRPs are secreted and have been shown to be detected in 

the serum from human blood (Berndt et al., 2003).  The sFRPs have a region of 

homology with the Fz receptor leading to competition for binding from the Wnt 

proteins and thus regulation of the Wnt function (Finch et al., 1997; Kawano & Kypta, 

2003).  sFRPs have also been shown to form inactive complexes with the Fz receptor 

also, preventing the Wnt from binding to the Fz and therefore preventing downstream 

Wnt signalling (Bafico et al., 1999).  The highest area of homology between Fz and 

sFRPs is in the Wnt binding cysteine rich domain that can be seen in Figure 1.14.  

 
Figure 1.14: Homology of sFRPs to Frizzled Receptor. 
Homology is highest at the cysteine rich domain (CRD) that binds to the Wnt.  NTR: Neutrin-like domain, 
CD: cytoplasmic domain.  Adapted from Kawano & Krypta (2003). 
 

There are currently five members of the sFRP family (sFRP1-5, although sFRP3 is also 

known as FrzB).  The five sFRPs share sequence homology with one another, with 

sFRP1, sFRP2 and sFRP5 forming one subgroup and sFRP3 and sFRP4 forming 

another (Jones & Jomary, 2002).  sFRP expression  has been associated with many 

tissues including the skin, ovary, mammary gland, prostate and placenta (Drake et al., 

2003; Lacher et al., 2003; Hewitt et al., 2006; Horvath et al., 2007; Maganga et al., 

2008).  Some sFRPs including sFRP3 and sFRP4 are known to demonstrate pro-

apoptotic features (Cho et al., 2008; Maganga et al., 2008) having significant 

consequences in cancer biology.  Due to the aberrant over-expression of Wnt signalling 

during oncogenesis and the ability of the sFRPs to prevent Wnt signalling, sFRPs are 

believed to be tumour suppressors (Jones & Jomary, 2002).  

 

Secreted Frizzled Related Protein 4 

sFRP4 is one of the five members of the sFRP family.  Initial studies involving sFRP4 

have shown it to have a pro-apoptotic role.  sFRP4 has been shown to impact the 

growth of placental regions during pregnancy and an increase in trophoblastic sFRP4 

was associated with inhibition of the Wnt pathway (Hewitt et al., 2006).  A link 

between apoptosis during rat ovulation and sFRP4 has been established (Drake et al., 

2003).   
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Previous studies have shown that methylated silencing of sFRP4 may be responsible for 

aberrant Wnt signalling even in situations where β-Catenin is not present (He et al., 

2005).  Over-expression of sFRP4 in prostate cell lines has been implicated in a 

significant reduction in proliferation, a decrease in anchorage dependant growth and a 

decline in invasiveness (Horvath et al., 2007).  In tissue microarray (TMA) studies 

utilising immunohistochemistry in human colorectal tissue sFRP4 was found to be 

expressed in both normal and tumour types, however sFRP4 was surprisingly expressed 

at stronger intensities in the tumour tissue (Feng Han et al., 2006) suggesting a role for 

sFRP4 that was previously unknown.  sFRP4 treatment of keratinocyte cell line HaCaTs 

has recently shown to cause a decline in proliferation in a dose dependant manner as 

well as showing a significant increase in apoptosis with treatment (Maganga et al., 

2008).  Due to these differing findings the exact role of sFRP4 is debateable and as such 

sFRP4 is a good candidate to further examine. 

 

sFRP4 in the Mammary Gland 

To date there are limited studies that have identified the expression of sFRP4 in the 

normal or cancerous mammary gland.  Lacher et al. (2003) showed that sFRP4 was 

involved in abolishing the cell survival pathway during involution in BALB/c mice, 

highlighting the apoptotic potential caused by an inactivation of the protein kinase B 

(PKB/Akt)-dependant survival pathway (Lacher et al., 2003).  Recently sFRP4 

treatment was shown to block the differentiative effect of Wnt3A in murine mammary 

cells (Constantinou et al., 2008).  No other studies looking at the mammary gland and 

sFRP4 expression are currently published.  As the mammary gland is a dynamic organ 

with proliferation, differentiation and apoptosis occurring and as described above where 

sFRP4 has been shown to play different roles, it would be of interest to determine the 

role sFRP4 plays in the mammary gland.  Further establishing the role of sFRP4 in 

breast cancer will provide an understanding of the role of sFRP4 during aberrant cell 

growth. 

 

SUMMARY 

Defining breastmilk storage with respect to cell viability and bacterial content will 

enable more effective use of breastmilk as a source of cells for research, impact 

breastfeeding mothers who express and store breastmilk and human milk banks who 
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rely on low-contaminated donations for use in neonatal intensive care units.  Effectively 

utilising cells from breastmilk to detect subtle changes in apoptosis will provide a 

method to establish the physiology of the lactating mammary gland as milk is removed.  

Further, such a method could be transferable to other studies wanting to compare 

differences in the mammary gland with various external stimuli, for example vacuum 

application.  Defining Wnt signalling in normal mammary cells and breast cancer will 

help establish the mechanisms involved in maintenance of the mammary gland, as well 

as identify potential targets that may be involved in the progression to a cancerous state. 

 

AIMS OF THE THESIS 

Based on the current literature presented here, further investigation into areas of 

breastmilk storage for optimal use in research and the physiology and Wnt signalling 

characterisation of cells from the mammary gland needs to be established.  As such, the 

following aims for this thesis have been proposed: 

 

Breastmilk Storage and Cell Viability 

• To establish the outcomes of breastmilk storage and subsequent cellular viability. 

• To compare the different levels of viability of cells from breastmilk as the sample is 

stored at 4 °C, RT and 37 °C over seven days. 

• Provide information in relation to the viability of cells in breastmilk that will benefit 

mothers who store expressed breastmilk. 

• Establish the optimum storage conditions for breastmilk to better facilitate the use of 

the cells in breastmilk for mammary gland research. 

 

Breastmilk Storage and Microbiology 

• To compare the variable numbers of bacteria in breastmilk as the sample is stored at 

4 °C, RT and 37 °C over seven days. 

• To identify the various predominant organisms that grow in breastmilk when the 

sample is stored over seven days at 4 °C, RT and 37 °C. 

• To establish the various bacteria residing on thermally disinfected breastpump 

equipment and compare to those on not thermally disinfected breastpump equipment 

and to determine if these different levels of bacteria influence the subsequent bacterial 

content in the breastmilk samples. 
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• Provide information that will benefit breastfeeding mothers and those that use 

breastmilk donations requiring low bacterial counts (human milk banks and use for 

research using human breastmilk samples) in relation to breastmilk storage guidelines. 

 

Cells From Breastmilk and Apoptotic Physiology 

• To detect and describe apoptosis in cells from breastmilk with varying DoF. 

• To provide a new method that can detect subtle changes in the physiology of the 

mammary gland that will benefit future studies. 

 

Wnt Characterisation in the Normal Mammary Gland Using Cells From Breastmilk 

• To determine the differential expression of Wnt1, Wnt3A, Wnt10B, sFRP4 and β-

Catenin in cells isolated from breastmilk and primary cultures of cells from breastmilk. 

• To establish whether primary culture samples have the same or different expression 

profiles compared to cells from breastmilk. 

• To establish a potential role of Wnt components and sFRP4 in the normal human 

mammary gland. 

 

Wnt Characterisation in Breast Cancer Using Cell Lines 

• To determine the differential expression of Wnt1, Wnt3A, Wnt10B and β-Catenin 

in the immortalised normal mammary epithelial cell line MCF10A and immortalised 

breast cancer cell lines MCF7, MDA-MB-231, MDA-MB-468 and BT-549. 

• To establish the role of sFRP4 in breast cancer cell lines. 

• To establish whether ER status can influence Wnt signalling.  

• To provide new potential options for cancer therapeutics.  

 

Wnt Characterisation and Apoptosis in Breast Cancer Using Tissue Microarrays 

(TMAs) 

• To determine if Wnt1 and β-Catenin expression increases with more invasive 

tumour types in breast cancer TMAs. 

• To determine if sFPR4 is absent or present when Wnt1 and β-Catenin are expressed 

in breast cancer TMAs. 

• Establish any correlations between Wnt1, β-Catenin and sFRP4 in breast cancer.  

• To establish the degree of apoptotic physiology, measured via TUNEL staining in 

breast cancer using TMAs. 
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• Using TMAs, establish whether the ER status plays a role in Wnt signalling in 

breast cancer. 

• To determine if they have a role for Wnt and sFRP4 in breast cancer. 

• Identify potential options for future research and/or therapeutics. 
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CHAPTER 2: MATERIALS AND METHODS 
 

COMPANY/SUPPLIER AND ADDRESSES 
 

Table 2.1: Company/Supplier and Head Office Addresses 

Company/Supplier Head Office Address 
AbCam Cambridge, UK 
Ajax Fine Chem Taren Point, NSW, Australia 
Amber Scientific Midvale, WA, Australia 
Ambion Inc. Foster City, CA, USA 
American Type Culture Collection  Manassas, VA, USA 
Amersham-GE Health Care Buckinghamshire, UK 
Aperio Techniologies  Vista, CA, USA 
Applied Biosystems Foster City, CA, USA 
APS Chemicals Seven Hills, NSW, Australia 
Axygen Biosciences Union City, CA, USA 
BDH Laboratory Supplies Poole, UK 
Becton Dickinson Franklin Lakes, NJ, USA 
BioLab Scientific Ltd Scoresby, VIC, Australia 
Bioline:  Taunton, MA, USA 
BioMerieux Marcy l’Etoile, France 
Biorad Hercules, CA, USA 
BioTek Winooski, VT, USA 
Chase Scientific Glass Rockwood, TN, USA 
Corning Incorporated Corning, NY, USA 
Dako Glostrup, Denmark 
Eppendorf Hamburg, Germany 
Forma Scientific San Bruno, CA, USA 
Geneworks Hindmarsh, SA, Australia 
Gibco-Invitrogen Carlsbad, CA, USA 
HD Scientific Wetherill Park BC, NSW, Australia 
Hewlett Packard Palo Alto, CA, USA 
Interpath Services Heidelberg West, VIC, Australia 
Invitrogen Carlsbad, CA, USA 
Jasol Wetherill Park, NSW, Australia 
Kodak Rochester, NY, USA 
Medela AG Baar, Switzerland 
MIDI Inc.  Newark, DE, USA 
Miele Gütersloh, Germany 
MJ Research, Inc Watertown, MA, USA 
Monoject Scientific St. Louis, MO, USA 
National Collection of Type Cultures London, UK 
Nikon Tokyo, Japan 
Olympus Tokyo, Japan 
PathWest Perth, WA, Australia 
Promega Corporation Madison, WI, USA 
Qiagen Hilden, Germany 
Roche Diagnostics Basel, Switzerland 
Rosco Diagnostics Taastrup, Denmark 
Sapphire Biosciences Redfern, NSW, Australia 
Sarstedt Nümbrecht, Germany 
Sigma-Aldrich St Louis, MO USA. 
Thermo Fisher Scientific Waltham, MA, USA 
Upstate Millipore Billerica, MA, USA 
Whitely Medical North Sydney, NSW, Australia 
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SAMPLE COLLECTION AND PROCESSING 

Breastmilk Collection 

Human breastmilk samples were collected with written consent from mothers recruited 

through the ABA.  The Human Research Ethics Committee at The University of 

Western Australia (UWA) approved the use of human participants for this research 

(approval number – RA/4/1/0895).  Breastmilk was expressed using a Symphony 

Breastpump (Medela AG: Baar, Switzerland) with associated parts and the comfort 

level for vacuum selected by the mother.  Breastmilk was transported back to UWA in 

50 mL centrifuge tubes (Sarstedt: Nümbrecht, Germany) in an insulated box with gel 

packs that had been in a refrigerator at 4 °C for at least six hours prior to use. 

 

Breastpump Equipment 

Breastpump equipment used in this study was either from the Research Centre of the 

Breastfeeding Centre (BFC) at KEMH, or was provided and used by the donating 

mother.  Equipment from the Research Centre of the BFC had undergone stringent 

cleaning regimes.  Bottles and shields (Medela AG) were pasteurised using a Micro 

Computer Unit Pasteuriser and Compact Disinfector (Miele: Gütersloh, Germany) with 

the addition of Clini-wash hospital grade detergent and Spot Aid rinse additive (both 

Jasol: Wetherill Park, NSW, Australia) at KEMH.  The main washing and rinsing steps 

were at 55 °C and the disinfecting and drying steps were at 86 °C.  Tubing apparatus 

(Medela AG) were washed with Matrix™ Biofilm remover (Whiteley: Medical, North 

Sydney, NSW, Australia) and autoclaved at 134 °C for one hour.  Donating mothers 

using their own equipment used a variety of brands and cleaned them following the 

manufacturers instructions.    

 

Collection of Samples for Degree of Fullness Analysis 

Some breastmilk samples were partitioned during an expression to identify apoptotic 

changes in the cellular component as the breast was emptied.  For these studies the 

collection bottle was changed at two intervals during the expression giving a total of 

three breastmilk samples from one expression.  Where available this process was 

performed using a ShowMilk device (Medela AG) that moves the collection tubing to 

subsequent bottles when required by the user.  If the ShowMilk device was unavailable 
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due to collection in the mothers’ home, the bottles were manually changed twice during 

the expression to give three breastmilk samples from a single expression episode.  Ten 

mL was taken for each fore-, mid- and hind-milk sample. 

 

Collection of Breastmilk for Microbiology Analysis 

Breastmilk that was collected for microbiological analysis followed a more rigorous 

routine to eliminate any outside bacterial contaminants transferring into the breastmilk.  

All mothers were supplied with a Medela AG breastpump bottle that had been thermally 

disinfected, to eliminate the transfer of potential bacterial contaminates to the milk.  

Mothers were either supplied with a Symphony breastpump, shield and tubing (Medela 

AG) or used their own breastpump and associated parts.  All equipment that was 

supplied to the mothers had been cleaned using thermal disinfection at KEMH as 

described previously in Breastpump Equipment, pg 43.   If using their own equipment, 

mothers were asked to clean their equipment with warm soapy water and to leave it to 

completely dry prior to expression.  Mothers were then asked to perform a hand 

washing routine that was adapted from the PREM Bank at KEMH.  This involved the 

mothers washing their hands with soap including the fingernail regions.  In order to 

prevent any transfer of bacteria from sink faucets, mothers were supplied with 

disposable paper towels to turn the taps off.  They were then asked to avoid contact of 

their hands with any surfaces except for handling breastpump equipment.  Mothers were 

asked to avoid touching the interior surfaces of the breastpump equipment during the 

expression.  Alcohol wipes were supplied to wipe over the hands in the case of 

accidental contact of the hands with surfaces during the expression period. After 

expression the lid of the bottle was placed carefully onto the bottle.  All breastmilk 

samples for microbiological analysis were transported back to UWA for processing.  

 

24-Hour Milk Production for Degree of Fullness Analysis 

As DoF in the mammary gland changes, the fat content changes in a gradient manner. 

Daly et al. (1993) developed a mathematical algorithm correlating the DoF and the fat 

content of breastmilk.  This equation can be calculated after mothers have undertaken a 

24-hour production allowing the comparisons between mothers to be made with respect 

to DoF.  Each breast has it’s own DoF, as variation can exist between left and right 

breasts of the same mother.   Briefly, a 24-hour production encompasses 0.5-1 mL milk 

samples from before and after each feed over 24-hours for each breast, where the fat 
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content is then measured and the total volume of milk removed noted from the increase 

in the infants weight after each feed.  The participating mothers perform the sample 

collection and test weighing (BabyWeigh scales, Medela AG).  An example of the 

information collected by mothers is shown in Table 2.2 

 
Table 2.2: Example of Data Collection for 24-Hour Milk Productions. 

Sample  Time Left or Right Fore or Hind Weight Weight Gain 
1 9:00 AM L F 3000  
2 9:20 AM L H 3050 50 
3 9:25 AM R F 3050  
4 9:40 AM R H 3095 45 

 

The participants were asked to immediately store each sample in the freezer (-20 °C).  

Fat content of the milk samples was determined by creamatacrits.  Samples were 

warmed to 37 °C, gently mixed and a small amount (50 to 100 µL) collected into micro-

haematocrit tubes (Chase Scientific Glass: Rockwood, TN, USA).  Tubes were capped 

with Cha-Seal tube sealing compound (Chase Scientific Glass).  Tubes were centrifuged 

at 10000 rpm for 10 minutes in a Hettich Zentrifuge CremSpinner-Mikro 12-24 micro-

haematocrit centrifuge (HD Scientific: Wetherill Park BC, NSW, Australia).  The length 

of the cream layer and length of the aqueous fraction of the milk were measured and the 

total fat content expressed as a percentage.  These figures were inserted into an 

Microsoft® Excel® program with an algorithm designed by Daly et al. (1993) allowing 

a mother’s 24-hour production to be finalised.  Subsequent breastmilk samples used for 

DoF studies had a small sample reserved and a creamatacrits of the sample was 

performed.  The percentage of fat was established, the number entered into the mother’s 

own algorithm in Microsoft® Excel® and DoF for the sample determined. 

Isolation of Cells From Breastmilk 

Isolating cells from breastmilk allows specific tests of viability and gene expression to 

be performed and also provides a sample of cells to be used for growth in primary 

cultures.  All work involving the isolation of cells from breastmilk was performed in 

plastic polypropylene tubes.  Cells from breastmilk were isolated by centrifugation of 

the milk in 15 mL centrifuge tubes (Sarstedt) for 10 minutes at 2000 rpm to pellet the 

cells.  The fat layer and supernatant were removed by aspiration and the pellet washed 

in one mL of 1 x PBS transferred to a 1.5 mL micro-centrifuge tube and centrifuged at 

2000 rpm for 10 minutes in a bench top micro-centrifuge (Eppendorf: Hamburg, 

Germany).  The supernatant was removed by aspiration leaving a cell pellet to be used 
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for subsequent analysis.  These cells were either used for immediate analysis including 

cell viability, or for use in primary cell culture. 

 

CELL CULTURE MODELS 

Primary Cell Culture of Cells From Breastmilk 

Growing primary cultures allows for the analysis of a non-immortalised cellular 

population from a tissue source and comparisons established between individuals.  

Mammary epithelial cells that were isolated from breastmilk were grown in primary cell 

cultures.  Breastmilk was collected and centrifuged to pellet cells as described 

previously in Isolation of Cells From Breastmilk, pg 45.  After washing, the pellet was 

resuspended in primary mammary culture media (adapted from Dontu et al. 2003) as 

detailed in Table 2.3. 

 
Table 2.3: Media Additives for Primary Cultures of Cells from Breastmilk. 

Additives – Primary Culture Media Final Concentrations 
RPMI 1640 (Gibco-Invitrogen: Carlsbad, CA, USA) - 
Foetal Bovine Serum (FBS) (Gibco-Invitrogen) 20 % 
Hydrocortisone (Sigma-Aldrich: St Louis, MO, USA) 1 µg/mL 
Insulin (Gibco-Invitrogen) 5 µg/mL 
Cholera Toxin (Sapphire Bioscience: Redfern, NSW, Australia) 60 ng/mL 
Epidermal Growth Factor (EGF) (Invitrogen: Carlsbad, CA, USA) 10 ng/mL 
Penicillin/Streptomycin (Gibco-Invitrogen) 2 % 
Fungizone (Gibco-Invitrogen) 2 % 

 

Cells were plated in T75 culture flasks (Sarstedt) with 15 mL media and grown in a 

humidified 37 °C incubator (Forma Scientific: San Bruno, CA, USA) with 5 % CO2.  

After plating, cells were monitored daily for approximately seven days without a media 

change to allow the cells to adhere to the plates.  After adherence, the media was 

changed.  After the initial media change, cells were monitored daily and media changed 

every two to three days.   

 

Primary cultures were passaged at 80 % confluence by removing the media and adding 

four mL TrypLe Select (Gibco-Invitrogen) and incubating the cells in the flask for five 

to 10 minutes to lift the cells from the flask.  The TrypLe Select cell suspension was 

then placed into a 15 mL centrifuge tube (Sarstedt) and 11 mL media added.  The cells 

were centrifuged at 2000 rpm for 10 minutes to pellet the cells.  The supernatant was 

removed and the pellet resuspended in 10 mL of fresh media and pipetted gently up and 



______________________________________________________________________ 

Chapter 2: Materials and Methods_________________________________________________________________________ 49 

down to suspend the cells.  One mL of the cell suspension was replaced into a new T75 

flask and labelled as passage 1 (P1).  This process was repeated if confluence was 

reached again making passage 2 (P2) and so forth.     

 

Immortalised Cell Line Culture 

Immortalised cell lines are often commercially available and provide a source of cells 

from tissue that can additionally grow in culture in a more robust manner compared to 

primary cultures and can grow for numerous passages.  Breast cancer cell lines MCF7, 

MDA-MB-231, MDA-MB-468 and BT-549 were purchased from American Type 

Culture Collection (ATCC: Manassas, VA, USA).  Breast cancer cell lines were used 

until the passage number reached 20.  MCF7 was the only ER positive cell line used.  

All other breast cancer cell lines were ER negative.  MCF7 cells are epithelial cells 

from an adenocarcinoma of a 69-year-old Caucasian female.  MDA-MB-231 are 

epithelial cells from an adenocarcinoma from a 51-year-old Caucasian female and 

express EGF and transforming growth factor alpha (TGF alpha).  MDA-MB-468 is an 

epithelial cell line from an adenocarcinoma of a 51-year-old African-American woman 

and expresses EGF and TGF.  BT-549 is an epithelial cell line from a 72-year-old 

Caucasian female with ductal carcinoma.  All breast cancer cell lines were grown in 

RPMI 1640 with 10 % FBS and 1 % Antibiotic-Antimycin (all from Gibco-Invitrogen,) 

in T75 tissue culture flasks (Sarstedt). 

 

Normal mammary cell line MCF10A was purchased from ATCC.  MCF10A is a non-

tumourigenic immortalised epithelial mammary cell line obtained in 1984 from a 36-

year-old Caucasian woman with fibrocystic disease.  Media requirements for MCF10A 

were adapted from Debnath et al. (2003) and are shown in Table 2.4. 

 
Table 2.4: Media Additives for MCF10A Cell Line. 

Media Additive Final Concentration 
DMEM/F12 (50:50 mix) (Gibco-Invitrogen/ Sigma-Aldrich) - 
Horse Serum (Gibco-Invitrogen) 5 % 
Epidermal Growth Factor (Invitrogen) 20 ng/mL 
Hydrocortisone (Sigma-Aldrich) 0.5 mg/mL 
Cholera Toxin (Sapphire Biosciences) 100 ng/mL 
Insulin (Sigma-Aldrich) 10 µg/mL 
Antibiotic-Antimycin (Gibco-Invitrogen) 1 % 

   

All immortalised cell lines were grown in a 37 °C with 5 % CO2 and media changed 

two to three times a week.  Once 80 % confluent, cells were passaged using four mL 
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TrypLe Select (Gibco-Invitrogen) to remove cells from the bottom of the flasks.  The 

TrypLe Select cell suspension was then transferred to 15 mL centrifuge tubes (Sarstedt) 

and 11 mL warmed media added, then centrifuged at 2000 rpm to pellet the cells.  The 

supernatant was removed and the pellet resuspended in 10 mL of media and pipetted up 

and down.  One mL of the resuspension was added to a new T75 flask (Sarstedt), 15 mL 

of fresh media added and the flask returned to the incubator. 

 

 CELL VIABILTY STAINING 

A recent study compared the differences between acridine orange and propidium iodide 

(AOPI) and Trypan Blue in order to determine the most effective method to establish 

cell viability (Mascotti et al., 2000).  For this study, Mascotti et al. (2000) used 

haematopoietic cells from bone marrow and stained with either Trypan Blue or AOPI 

and cells counted on a haemocytometer.  Mascotti et al. (2000) found that AOPI was a 

more reliable method compared to Trypan Blue and was also superior due to the dye not 

staining red blood cells or debris that are found in bone marrow specimens.  For this 

reason it is likely that AOPI will also be superior to Trypan Blue when used for the 

identification of cells from breastmilk during periods of storage where cell debris and 

bacteria can accumulate.  However, Trypan Blue has been used successfully to establish 

cell viability of cells from breastmilk (Martin et al., 2000).  Therefore both methods 

were tested in a trial study to determine cell viability with breastmilk storage. 

 

AOPI Staining 

Acridine orange is a cell permeable dye that interacts with DNA and ribonucleic acid 

(RNA) and stains viable cells green under fluorescence.  Propidium iodide is also a 

DNA stain that stains red under fluorescence, however does not permeate the cell 

membrane and as such will only stain DNA of dead cells where the membrane is no 

longer in tact.  AOPI was used to measure alive and dead cell ratios and cell numbers 

per mL using an Olympus IX71 fluorescent microscope (Olympus: Tokyo, Japan) and 

haemocytometer.  For breastmilk samples, the cell pellet was prepared as described 

previously in Isolation of Cells From Breastmilk, pg 45.  A solution of AOPI was made 

up using 0.05 mM acridine orange (Sigma-Aldrich) solution and 0.5 mM propidium 

iodide (Sigma-Aldrich), made up in 1 x PBS.  AOPI (20 µL) was added to the cell pellet 

and the sample loaded onto a haemocytometer in duplicate.  If the pellet increased in 

size due to bacterial contamination then a larger volume was used and recorded to allow 
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for a different dilution factor.  The sample was visualised under the fluorescent 

microscope with fluorescein isothiocyanate (FITC) filters and images taken, including 

bright field and cell numbers counted for live (green) and dead (red) cells.  Total 

viability was determined by dividing the live cell number by the total cell number. 

 

Trypan Blue Staining 

Trypan blue is a blue stain that will not permeate the cell membrane.  As such, live cells 

show no signs of staining.  Dead cells, however will take up the blue stain.  Trypan Blue 

can be used to measure viable and non-viable cells in a population.  Cells from 

breastmilk were isolated as previously described and were resuspended in 20µL of 

Trypan Blue (a 4:1 mixture of 0.1% Trypan Blue and 1 x PBS).  Where the pellet of 

cells increased in size due to bacterial contamination, then a larger volume of Trypan 

Blue was used and the volume recorded to allow for a different dilution factor.  The 

sample was loaded onto a haemocytometer in duplicate and visualised under a Nikon 

Eclipse TS100 bright field microscope (Nikon: Tokyo, Japan).  Cells numbers were 

counted.  A separate count of non-viable cells stained blue was also determined.  Total 

viability was determined by dividing the viable cell count by the total cell count.  

 

AOPI and Trypan Blue Staining on Cells Isolated From Stored Breastmilk 

Breastmilk stored at various temperatures shows an identifiable difference between the 

sizes of the pellet after centrifugation for cell isolation (Figure 2.1).  These pellets are 

likely to be an accumulation of debris however it is unknown whether this may be due 

to cellular debris, bacteria, or protein aggregates.  
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Figure 2.1: Cell Pellets for 4 °C, RT and 37 °C from Seven Days of Storage. 
Note the larger pellet in the RT sample and even more noticeably in the 37 °C pellet (arrows).  

 

AOPI staining was used on stored breastmilk samples to determine the effectiveness of 

the staining method.  Visualisation of live cells became difficult when breastmilk had 

been stored at RT and 37 °C storage due to a large pellet of debris that pelleted during 

the cell isolation process.  The debris fluoresced making establishing the number of 

viable cells very difficult (Figure 2.2).  

 

  
Figure 2.2: AOPI Staining and Visualisation of Cells Among Debris. 
It is difficult to definitively identify a green live cell (arrows) amongst the debris from stored breastmilk.  
Additionally, the green fluorescing cells may indeed only be fragments of the DNA as the morphology is 
hard to establish using fluorescence therefore it cannot be accurately used to establish viable cell 
numbers when debris is present. 
 

Day 7: 
4  °C 

Day 7: 
RT 

Day 7: 
37  °C 
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As shown in Figure 2.2, the ability to identify a viable cell accurately was difficult and 

as a result the use of AOPI was deemed inappropriate to determine the viability of cells 

from breastmilk during storage periods.  Staining using Trypan Blue with stored 

breastmilk showed easier identification of a viable cell when debris in stored breastmilk 

was prevalent (Figure 2.3). 

 

  
Figure 2.3: Trypan Blue Staining and the Ability to Identify Viable Cells Among Debris. 
Viable cells glow bright clear/white (black arrows) and are easily identified amongst debris from stored 
breastmilk using Trypan Blue.  Cell fragments also glowed bright clear/white, but as their morphology is 
more easily viewed (red arrow) these cells were not included in cell counts. 
 

As a result of the easier recognition of viable cells in this trial study, Trypan Blue was 

used to determine the viability of cells from breastmilk during breastmilk storage at 

various temperatures. 

 

Breastmilk Storage Over Seven Days and Trypan Blue Analysis 

Breastmilk samples were collected to determine the effect of breastmilk storage over 

seven days at 4 °C, RT and 37 °C on cell viability using Trypan Blue.  Aliquots of the 

breastmilk sample were taken with a volume of exactly one mL and labelled and stored 

in 1.5 mL micro-centrifuge tubes (Eppendorf) as detailed in Table 2.5. 
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Table 2.5: Samples for Breastmilk Storage Over Seven Days and Trypan Blue Analysis. 

Tube  Storage 
D1 No storage, immediate processing and analysis. 

D2-4 
D3-4 
D4-4 
D5-4 
D6-4 
D7-4 

Storage at 4 °C in a refrigerator. 

D2-RT 
D3-RT 
D4-RT 
D5-RT 
D6-RT 
D7-RT 

Storage at RT (approximately 22 °C). 

D2-37 
D3-37 
D4-37 
D5-37 
D6-37 
D7-37 

Storage at 37 °C in a temperature regulated incubator. 

 

 

 

 

Samples with label number D1 were processed and analysed on the day of collection 

(within four hours) and the time noted.  D2-4, D2-RT and D2-37 were processed and 

analysed at the recorded time on day two. D3-4, D3-RT and D3-37 were processed and 

analysed at the recorded time on day three and so on.  Processing and analysis of the 

breastmilk cells with Trypan Blue were performed as described previously in Trypan 

Blue Staining, pg 49.  

 

JC-1 DETECTION OF EARLY APOPTOSIS 

JC-1 Staining and Analysis 

Apoptosis is a physiological form of cell death and is characterised by numerous stages 

including the early event of mitochondrial depolarisation (Zuliani et al., 2003).  To 

determine the degree of early apoptosis in cells from breastmilk, cells were stained with 

JC-1 using MitoProbeTM JC-1 Assay Kit for Flow Cytometry (Invitrogen).  The 

outcomes of the cell staining were measured using FACS.  For each experiment a 

control using carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used to force 

Key:  
D2-4 = Day 2 processing and analysis, 4 °C storage, and so forth. 
D2-RT = Day 2 processing and analysis, RT storage, and so forth. 
D2-37 = Day 2 processing and analysis, 37 °C storage, and so forth.
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mitochondrial depolarisation.  A no-staining control was used for FACS analysis to 

determine any auto-fluorescence.  

 

JC-1 staining was used on cells from breastmilk.  A cell pellet was prepared as 

previously described in Isolation of Cells From Breastmilk, pg 45 and resuspended in 

one mL of 1 x PBS.  One µL of 50 mM CCCP (supplied with the kit) was added to the 

CCCP control sample. All tubes were then incubated at 37 ºC for 10 minutes.  After the 

incubation, 10 µL of 200 µM JC-1 was added to all samples and incubated for a further 

20 minutes at 37 ºC.  After the second incubation the samples were centrifuged for five 

minutes at 2000 rpm to pellet the cells.  The supernatant was removed and the cells 

were washed in one mL of 1 x PBS and centrifuged again at 2000 rpm for five minutes.  

Cell pellets were re-suspended in 500 µL of 1 x PBS and analysed on a FACSCaliber 

Flow Cytometer with 488 nm excitation (Becton Dickinson: Franklin Lakes, NJ, USA).  

Cells were gated, excluding debris and compensated using the CCCP treated sample.  

 

MICROBIOLOGY ANALYSIS AND IDENTIFICATION 

Breastmilk Storage for Microbiology Analysis 

To understand the effect on breastmilk storage and bacterial activity, breastmilk was 

collected and stored at 4 °C, RT and 37 °C and bacterial colony counts performed.  

Breastmilk was collected for microbiology analysis as previously described in 

Collection of Breastmilk for Microbiology Analysis, pg 44.  Samples from each 

participant were aliquoted aseptically into 19 sterilised 1.5 mL micro-centrifuge tubes 

(Eppendorf).  The 19 tubes were labelled and stored in the following way (Table 2.6). 
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Table 2.6: Samples for Breastmilk Storage Over Seven Days and Microbiology Analysis. 

Tube  Storage 
D1 No storage, immediate plating 

D2-4 
D3-4 
D4-4 
D5-4 
D6-4 
D7-4 

Storage at 4 °C in a refrigerator. 

D2-RT 
D3-RT 
D4-RT 
D5-RT 
D6-RT 
D7-RT 

Storage at RT (approximately 22 °C). 

D2-37 
D3-37 
D4-37 
D5-37 
D6-37 
D7-37 

Storage at 37 °C in a temperature regulated incubator. 

 

 

 

 

Sample with label number D1 was plated on the day of collection (within four hours).  

D2-4, D2-RT and D2-37 were plated at the same time of the day on day two. D3-4, D3-

RT and D3-37 were plated on day three and so on. 

 

Plating and Counting of Colony Forming Units 

Breastmilk aliquots were plated onto three types of media for identification of CFUs.  

The three media plates used were Horse Blood, Cysteine Lactose Electrolye-Deficeint 

(CLED) and MacConkey media (PathWest: Perth, WA, Australia).  Horse Blood media 

is a non-selective medium that is enriched in blood and widely used for growth of both 

pathogenic and non-pathogenic bacteria (Oxoid, 1998).  CLED media is a more 

selective medium that displays characteristic growth of some lactose fermenting 

bacteria including Escherichia coli and Klebsiella species (Oxoid, 1998).  MacConkey 

media is a differential medium often used to isolate pathogens in water, dairy products 

and biological samples (Oxoid, 1998).  MacConkey media displays pink or purple 

colonies if lactose fermenters are present.  A 10 and one µL loop (Sarstedt) of 

breastmilk from each temperature and time point was spread onto the entire surface of 

the plate in duplicate and incubated in a 37 °C incubator for 20 hours. 

Key:  
D2-4 = Day 2 plating, 4 °C storage, and so forth. 
D2-RT = Day 2 plating, RT storage, and so forth. 
D2-37 = Day 2 plating, 37 °C storage, and so forth.
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After the incubation period colonies were counted and the total CFU/mL count 

determined.  Most accurate total counts were obtained when counts per plate were 

between 10 and 250 colonies.  Dilutions were performed as necessary in 0.1 % peptone 

salt solution (PathWest) to maintain counts between these ranges.  An arbitrary value of 

1 x 105 CFU/mL is used among milk banks as an acceptable level for pasteurisation as 

adapted from the dairy industry (Balmer & Wharton, 1992) and was included as a 

comparison against CFUs found in this study.   

 

Predominant organisms were isolated and plated for single colonies using Blood media 

to obtain a pure population.  The organisms were maintained in 24-hour subcultures 

until all identification tests were completed and genus and species allocated.  

 

Equipment Swabs 

Swabs were taken from equipment from thermally disinfected equipment as well as 

some mothers’ own equipment to identify any common genus and species of bacteria 

that may cross into breastmilk during an expression.  Swabs were taken from bottles, 

shields and tubing (if available) using Amies without charcoal sterile transport swabs 

(Interpath Services: Heidelberg West, VIC, Australia).  Swabs were inoculated onto 

Horse Blood plates (PathWest) for primary, secondary, tertiary and quaternary growth, 

as shown in Figure 2.4.  Growth in the primary inoculums represents low 

contamination, growth in secondary inoculums represents medium contamination, 

growth in tertiary inoculums represents high contamination and growth in the 

quaternary inoculums represents very high contamination.  

 

 

 

 

 

 

 
Figure 2.4: Proceedure for Inoculating Swabs Onto Media. 

 

1° Inoculum 3° Inoculum 
 

2° Inoculum 
 

4° Inoculum 
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Gram Stain 

Gram stains were used to determine the shape and cell wall properties of the identified 

bacteria.  Gram stains were performed on colonies from pure sub-cultured plates.  A 

single isolated colony (no older than 24 hours) was picked up with a sterile 10 µL loop 

(Sarstedt) and emulsified onto a glass slide with 0.85 % saline (PathWest).  The bacteria 

were air-dried and heat fixed by passing the slide through a flame.  A gram stain was 

performed on the heat fixed bacteria using the following method (Table 2.7). 

 
Table 2.7: Gram Stain Protocol. 

Stain Method 
Chrystal Violet 0.5 % Aqueous Stain 
(Amber Scientific: Midvale, WA, 
Australia) 
 

Slide covered with Methyl Violet and incubated for 30 
seconds then washed off with water. 

Lugols Iodine Stain (mixed 1:2 in dH20) 
(Amber Scientific) 
 

Slide covered with Iodide solution and incubated for 20 
seconds then washed off with water. 

Acetone (Ajax Fine Chem: Tarren Point, 
N.S.W., Australia) 
 

Apply acetone directly to stain for one second then washed 
off with water immediately. 

Carbol Fuchsin (Amber Scientific) Slide covered with Carbol Fuchsin and incubated for 20 
seconds then washed off with water and blotted dry. 

   

Slides were examined under a Leitz Dialux-22 microscope at 100 x magnification with 

Micro Immersion Oil (BDH Laboratory Supplies: Poole, UK).  Gram-negative bacteria 

typically have a thin peptidoglycan layer on the cell wall that does not retain the methyl 

violet colour causing the bacteria to appear pink.  Gram-positive bacteria typically have 

a thick layer of peptidoglycan and retain the methyl violet colour giving the bacteria a 

purple colour.  Bacilli or rod shaped bacteria appear long and thin.  Cocci bacteria form 

spherical shapes and can aggregate into grape-like clusters or chains.  Examples of the 

morphology are depicted in Figure 2.5. 

 

 

 

 

 

 
Figure 2.5: Examples of Gram Stain Colour and Morphology.  
(A) Gram-negative rods (bacilli), (B) gram-positive rods (bacilli), (C) gram-negative cocci, (D) gram-
positive cocci. 
 

A 

B 
D C 
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Sudan Black Spore Stain 

Bacillus cereus bacteria require additional tests for confirmation of identification, 

including a spore stain. Sudan Black spore stains were performed that provide visual 

clarification of characteristics typical to that organism.  For this, a single presumptive B. 

cereus isolate from a pure sub-culture was emulsified onto a slide with 0.85 % saline 

(PathWest, Australia).  A reference culture of B. cereus (ATCC) was used for the 

correct identification of the bacteria morphology.   The slide was air dried and fixed by 

passing through a flame.  The Sudan Black spore stain was performed using the 

following protocol (Table 2.8).  

 
Table 2.8: Sudan Black Spore Stain. 

Stain Method 
Malchite Green (Amber Scientific) Slide covered with Malchite Green and heated from below with a 

blue flame until steam started to appear, then heated for a further of 
two minutes.  The slide was allowed to cool and the Malchite 
Green washed off with water and blotted dry. 
 

Sudan Black B Solution (Amber 
Scientific) 
 

Slide covered with Sudan Black B Solution for 15 minutes. 

Xylene (Merck & Co.:Whitehouse 
Station, NJ, USA)  
 

Slide washed in Xylene for five seconds, blotted dry. 

Safarin (Amber Scientific) Slide was covered with Safarin for 20 seconds, washed with water 
and blotted dry. 

 

The slide was examined at 100 x magnification with Micro Immersion Oil (BDH 

Laboratory Supplies,) using a Leitz Dialux-22 microscope.  Characteristics of B. cereus 

included: 

1) Cells 4-5 µm long, 1-1.5 µm wide rods, staining red. 

2) Spores staining green, centrally located, ellipsoidal in shape but not swelling 

the sporangium. 

3) Cells containing black lipid globules. 

 

A representation of these characteristics is shown in Figure 2.6 below. 

 

 

 
Figure 2.6: Example of a Sudan Black Spore Stain. 
The red cell contains a green spore that is centrally located and the cell has lipid globules that stain 
black. 
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PEMBA Plate Identification of Bacillus Cereus   

Polymixin pyruvate egg yolk mannitol agar (PEMBA) media is selective for the growth 

of B. cereus.  Presumptive B. cereus bacteria were plated onto PEMBA media and 

incubated overnight at 37 °C.  B. cereus produces blue colonies on the yellow PEMBA 

media (see Figure 2.7) and has a distinctive sweet coconut odour.   

 
Figure 2.7: Typical Bacillus cereus Growth on PEMBA Plate. 

 

Oxidase Reaction 

The oxidative state of bacteria can assist in the identification of the organisms and is 

measured by an oxidase test.  The test is based on the reaction between tetramethyl 

phenylenediamine dihydrochloride and cytochrome oxidase that produces indophenol 

blue.  To determine the oxidase activity of the organisms the contents of a BD-Reagent 

Stain Dropper vial (Becton Dickinson and Company) containing tetramethyl 

phenylenediamine dihydrochloride were added to some filter paper.  A single colony 

was picked up from a sub-culture plate with a sterile loop (Sarstedt) and touched onto 

the filter paper.  An immediate purple colour due to the production of indophenol blue 

indicated a positive oxidase reaction. 

 

Catalase Reaction 

Similarly to an oxidase reaction, a catalase reaction can be used to assist in 

distinguishing bacterial species including Staphylococcus and Streptococcus.  Hydrogen 

peroxide can cause the production of oxygen bubbles when in contact with some 

bacterial colonies.  Bacteria were plated onto Plate Count Agar media (PathWest) for 20 

hours and 50 µL of 3.0 % hydrogen peroxide (Bio-Lab Scientific Ltd: Scoresby, VIC, 
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Australia) added to the colonies.  An immediate bubbling due to the production of 

hydrogen gas indicated a positive reaction.       

 

Coagulase Reaction 

A coagulase reaction can distinguish between pathogenic Staphylococcus species like 

Staphylococcus aureus and other non-pathogenic Staphylococcus species that are often 

morphologically similar.  A single colony was suspended into a vial of Brain Heart 

Infusion Broth (PathWest) and incubated overnight at 37 °C with shaking.  The 

suspension (100 µl) was then added to 300 µL of rabbit plasma (BioMerieux® SA, 

Marcy l’Etoile, France) in a 10 mL tube and incubated for five hours at 37 °C.  

Coagulation of the plasma indicated an initial positive reaction.  The tubes were left 

overnight on the bench at RT (approximately 22 °C).  Coagulation of the samples was 

checked the following day and a final positive or negative reaction recorded.  A positive 

control of Staphylococcus aureus from the National Collection of Type Cultures (6571 

– NCTC, London, UK) and negative control of Staphylococcus epidermidis (6513 – 

NCTC) were used alongside the sample tests. 

 

Streptococcus Growth in 6.5 % NaCl 

To assist in identification of Streptococcus species, the bacteria were grown in 6.5 % 

NaCl Todd Hewitt Broth (PathWest).  One colony from a sub-culture was inoculated 

into the broth and incubated overnight at 37 °C.  No growth of the inoculum was 

indicative of the Streptococcus viridans group, which includes bacteria such as 

Streptococcus mitis and Streptococcus oralis.  

 

Streptococcus Growth in Aesculin Broth. 

To further assist in identification of Streptococcus species, the bacteria were grown in 

Aesculin Broth (PathWest).  One colony from a pure culture was inoculated into the 

broth and incubated overnight at 37 °C.  S. viridans group caused the broth to turn 

black.  
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API Tests 

Determining the genus and species of bacteria often requires performing biochemical 

tests.  The identification of genus and species of the bacteria was performed by manual 

biochemical analysis of the bacteria using API strips (BioMerieux®).  The API manual 

reference strip system allows the comparison of biochemical results from bacteria to a 

database – producing an identification of the organism or suggestions of confirmative 

tests that may be needed to further establish identification.  API strips used included 

API 20NE, API 20E, API 50CH, Rapid ID 32 Strep and ID 32 Staph.  The strips were 

prepared and inoculated following the manufactures instructions and incubated for the 

specified times and temperatures.  Results were analysed using APIWeb™ online 

software (https://apiweb.biomerieux.com) and any recommended supplementary tests 

for identification carried out.    

 

Vitex Identification of Organisms 

Vitek is an automatic reference system based on biochemical tests to identify the genus 

and species of bacteria by comparing them to a reference library.  Both Vitek and 

Vitek2 models were used with Gram Positive and Gram Negative Vitek cards 

(BioMerieux®).  Sample analysis using the Vitek system was performed following the 

manufactures instructions.  Any additional tests that were recommended by the Vitek 

result to confirm the genus and species of the organism were performed.     

 

Whole Cell Fatty Acid Analysis by Gas Chromatography 

Max Aravena Roman from the Clinical Microbiology department of PathWest, Queen 

Elizabeth II (QEII) Medical Centre Site, Perth, Australia, performed the whole cell fatty 

acid analysis by gas chromatography as a service.  Phenotypic identification of Bacillus 

species was confirmed by cellular fatty acid analysis using the Sherlock software (MIDI 

Inc.: Newark, DE, USA).  Gram-positive bacteria like Bacillus species have a 

combination of straight-chain, unsaturated, iso and anteiso fatty acids, which are 

compared to a reference library.  A summary of the preparation involved in the cellular 

fatty analysis by gas chromatography is given in Figure 2.8.   
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Figure 2.8: Method for Sample Preparation for Cellular Fatty Analysis by Gas Chromatography.   
From www.midi-inc.com/media/pdfs/TechNote_101.pdf, accessed January 2009.  (MIDI-Inc, 2006). 

 

Briefly, cells were harvested after a 24-hour incubation at 35 °C and 28 °C, saponified 

and methylated as per manufacturer’s instructions.  Extracts were tested in a Hewlett-

Packard HP6890 Series Gas-Chromatograph fitted with a flame-ionisation detector 

(Hewlett Packard: Palo Alto, CA, USA).   
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Antibiotic Tests 

Antibiotic tests are used to help distinguish different species based on their resistance or 

susceptibility.  To differentiate between Staphylococcus hominis spp hominis and 

Staphylococcus hominis spp novobiosepticus, a 0.5 McFarlane suspension in 0.45 % 

saline (PathWest, Australia) of the bacteria was spread onto a Mueller-Hinton media 

plate and a Novacin (NOVO) and Deferoxamine (DEFRX) sensitivity tablet (both from 

Rosco Diagnostica: Taastrup, Denmark) was placed onto the media.  The plate was 

incubated for 20 hours at 37 °C.  A clear zone surrounding the tablet identifies 

susceptibility of the bacteria to both NOVO and DEFRX, which indicate that the 

bacterium is Staphylococcus hominis spp hominis.    

 

ANALYSIS OF RNA EXPRESSION BY qPCR 

RNA Extraction 

RNA is used in molecular biology to understand gene expression profiles in a tissue or 

cell population.  RNA was extracted from immortalised cell lines, primary milk cell 

cultures and cells straight from breastmilk using TriReagent (Ambion Inc: Foster City, 

CA, USA).  One mL of TriReagent was used for every 1 x 106 cells, or for every pellet 

of cells isolated straight from breastmilk.  Cells were lysed in the TriReagent using a 

cell scraper (Sarstedt) for cells grown on culture vessels or via pipetting up and down 

for cell pellets.    

 

One mL of lysed cells in TriReagent was then transferred to 1.5 mL autoclaved micro-

centrifuge (Eppendorf) tubes.  200 µL of 1-bromo-3-chloropropane (BCP, Sigma) was 

added and the tubes shaken vigorously for 20-30 seconds.  The tubes were then placed 

on ice for five minutes and centrifuged at 13 000 rpm for 30 minutes at 4 °C.  A new set 

of 1.5 mL autoclaved micro-centrifuge tubes was prepared with 500 µL of isopropanol 

(APS Chemicals: Seven Hills, NSW, Australia) aliquoted into each.  After 

centrifugation the top aqueous layer was removed without disturbing the organic 

interphase and added to the new tube with isopropanol.  Samples were then incubated at 

-20 °C overnight.   

 

Following isopropanol incubation, samples were centrifuged at 13 000 rpm for 15 

minutes at 4 °C to pellet the RNA.  The supernatant was then decanted in a single 
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movement and the rim of the tube touched to a clean tissue.  The pellet was washed 

twice using 70 % ethanol and centrifuged at 13 000 rpm for five minutes and the 

supernatant poured off between each wash.  After the final wash, the ethanol was 

poured off, any remaining ethanol pipetted off and the pellet resuspended in 100 µL of 

ribonuclease (RNase) free water.  The RNA was then cleaned using an RNeasy Kit 

(Qiagen: Hilden, Germany), following the manufacturers instructions for RNA cleanup.   
 

RNA Integrity 

RNA integrity was measured using a Nanodrop (Thermo Fisher Scientific: Waltham, 

MA, USA).  RNA samples with a 260/280 nm absorbance ratio between 1.8 and 2.1 

were used for future analysis.  Further, five µl of each RNA product was 

electrophoresed with one µl of loading buffer (Promega Corporation: Madison, WI, 

USA) on a 1.5 % agarose gel with SybrSafe (Invitrogen) at 90 volts for 40 minutes and 

visualisation of the 28s, 18s and 5s ribosomal bands established under ultra violet light 

using a Kodak 2000MM Image Station (Kodak: Rochester, NY, USA).  Samples were 

stored at -80 °C. 

 

DNase Treatment 

RNA was cleaned of deoxyribonuclease (DNase) contamination using RQ1 DNase 

Treatment (Promega Corporation).  The following components (Table 2.9) were added 

in an autoclaved micro-centrifuge tube (Eppendorf) and incubated for 30 minutes at 37 

°C: 

 
Table 2.9: DNase Treatment. 

Component Volume 
2 µg RNA - 
RQ1 DNase Free 10x Buffer 1 µL 
RQ1 RNase Free DNase 2 µL 
Nuclease Free Water To 10 µL 

 

After incubation one µL of DNase Stop solution was added to the sample and incubated 

at 65 °C for 10 minutes to terminate the reaction.  Samples were either placed on ice 

and used immediately for reverse transcriptase reactions or stored at -80 °C. 
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Reverse Transcription  

In order to transcribe single stranded RNA into single stranded complementary 

deoxyribonucleic acids (cDNA) a reverse transcription reaction was performed using 

Moloney Murine Leukaemia Virus (M-MLV) Reverse Transcriptase RNase H Minus, 

Point Mutant (M3682, Promega Corporation).  One µg of DNase treated RNA was 

made up to 13.5 µL with Diethylpyrocarbonate (DEPC)-treated H20 with 0.5 µL 

random primers (C1181, Promega Corporation) added, mixed gently and heated to 70 

°C for five minutes and incubated on ice for five minutes.  The following components 

(Table 2.10) were then added in order: 

 
Table 2.10: Additives for M-MLV Reverse Transcription Reaction. 

Component Volume 
M-MLV 5 x Reaction Buffer 5 µL 
10 mM deoxyribonucleotide triphophate (dNTP) (Promega Corporation) 1.3 µL 
M-MLV Reverse Transcriptase 1 µL 
RNasin (Promega Corporation) 1 µL 
DEPC-treated H20 To 25 µL 

 

Each sample was heated on a PTC-100 thermocycler (MJ Research Inc: Watertown, 

MA, USA) for 10 minutes at 25 °C, 50 minutes at 55 °C and finally for 15 minutes at 70 

°C before holding at 4  °C, then stored at -20 °C. 

 

Designing of Primers 

Primers are commercially made, short sequences designed to specifically bind to a 

designed region of cDNA during a polymerase chain reaction and amplify a product of 

interest.  Primers are comprised of adenosine thymine cytosine guanine bases.  Where 

no published sequences of primers were available primers sequences were designed 

using online primer design software.  The PubMed database was searched 

(http://www.ncbi.nlm.nih.gov/pubmed/) to identify the human sequences for messenger 

RNA (mRNA) specific to the genes.  The sequence was then analysed in the online 

Primer3 program (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and 

primers constructed with bases less than 20 and a product size to be desirably less than 

200 base pairs.  Housekeeping gene L19 and sFRP4 primers were replicated from 

previously published works (Orly et al., 1994; Drake, 2006).  Primer sequences are 

listed in Table 2.11. 
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Table 2.11: Primer Sequences, Product Sizes and Annealing Temperatures. 

Gene Primers  Size  
(base pairs) 

Annealing 
Temperature 

Wnt1 Forward: GGCTGCAGCGACAACATT 
Reverse:  CGTGGCACTTGCACTCCT 
 

160 bp 56 °C 

Wnt3A Forward: CAAGATTGGCATCCAGGAGT 
Reverse:  ATGAGCGTGTCACTGCAAAG 
 

173 bp 60 °C 

Wnt10B Forward: TGGGCCGGGCCATCTTCATT 
Reverse:  GGCTGCCACAGCCATCCAAC 
 

204 bp 60 °C 

sFRP4 Forward: CGATCGGTGCAAGTGTAAAA 
Reverse:  GACTTGAGTTCGAGGGATGG 
 

181 bp 56 °C 

β-Catenin Forward: GATTTGATGGAGTTGGAC 
Reverse:  TGTTCTTGAGTGAAGGAC 
 

218 bp 52 °C 

L19 Forward: CTGAAGGTCAAAGGGAATGTG 
Reverse:  GGACAGAGTCTTGATGATCTC 

194 bp 51 °C 

 

All primer sequences were checked against a BLAST search via PubMed to identify 

any cross reactivity with other species.  After confirmation, primers were ordered and 

manufactured through Geneworks (Hindmarsh, SA, Australia).  

 

Quantitative Polymerase Chain Reaction (qPCR) 

Polymerase chain reaction (PCR) is a cycling of temperatures that results in the 

amplification of a specific product and shows if a particular gene is transcriptionally 

expressed.  The sample mRNA is mixed with buffer, magnesium, dNTPs, enzyme and 

primers and with repeated cycles of denaturation of the mRNA, annealing of the 

primers to the denatured mRNA and extension of the product, a specific amplified 

product of choice is produced.  Quantitative PCR (qPCR) is similar to PCR but has an 

additional fluorescent tag which binds to double stranded DNA and provides a 

fluorometric, quantitative profile on the amplified product.  Quantitative gene 

expression profiles of Wnts, sFRP4 and β-Catenin on cDNA were performed using a 

protocol adapted from (Dussault & Pouliot, 2006). 

 

Amplification of the specific cDNA region was assisted with the enzyme Immylase Taq 

(Bioline: Taunton, MA, USA).  10 mM dNTPs were used from Promega Corporation.  

Amplification of DNA was detected by the inclusion of Sybr Green (Invitrogen) into 

the mastermix.  Mastermixes for the qPCR reactions used are detailed in Table 2.12. 
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Table 2.12: qPCR Mastermixes for 10 µL reaction. 

Component Wnt1 Wnt3A Wnt10B sFRP4 β-Catenin L19 
10 x Buffer 1.0 µL 1.0 µL 1.0 µL 1.0 µL 1.0 µL 1.0 µL 
10 mM dNTPs 0.4  µL 0.4 µL 0.4 µL 0.4 µL 0.4 µL 0.4 µL 
50 mM MgCl2 0.5 µL 0.8 µL 0.8 µL 0.5 µL 0.5 µL 0.5 µL 
Sybr Green 0.5 µL 0.5 µL 0.5 µL 0.5 µL 0.5 µL 0.5 µL 
Immylase 0.1 µL 0.1 µL 0.1 µL 0.1 µL 0.1 µL 0.1 µL 
Forward Primer 0.4 µL 0.4 µL 0.4 µL 0.4 µL 0.4 µL 0.4 µL 
Reverse Primer 0.4 µL 0.4 µL 0.4 µL 0.4 µL 0.4 µL 0.4 µL 
dd H20 4.7 µL 4.4 µL 4.4 µL 4.7 µL 4.7 µL 4.7 µL 
cDNA 2.0 µL 2.0 µL 2.0 µL 2.0 µL 2.0 µL 2.0 µL 

 

Gel Electrophoresis 

PCR products were run on agarose gels to confirm product size.  A 1.5 % agarose gel 

was made with Sybr Safe (Invitrogen) to detect DNA under ultra violet light.  10 µL of 

PCR product and two µL of loading dye (30 % glycerol (v:v), 0.25 % bromophenol blue 

(w:v) and 0.25 % xylene cylanol (w:v)) were loaded into the gel and run for 40 minutes 

at 90 volts.  Visualisation and photographs of the gel was performed under ultra violet 

light using a Kodak 2000MM Image Station (Kodak). 

 

Gel Excision and Extraction 

Gels products from PCR were extracted to obtain a pure post-PCR sample for 

sequencing and the creation of standards for quantitative PCR experiments. Gel 

products were excised using a scalpel.  The gel excision was placed into a pre-weighed 

micro-centrifuge tube, re-weighed and the difference in weight noted.  Gel extraction 

was performed using AxyPrep DNA Gel Extraction Kit (Cat. No. AP-GX-50, Axygen 

Biosciences, Union City, California, USA).  For the protocol, 100 mg of gel extraction 

was deemed equivalent to 100 µL of sample volume.  Three times the sample volume 

was of DE-A was added to the gel extract and heated to 75 °C with intermittent 

vortexing to dissolve the gel.  DE-B (1.5 volumes) was added and mixed.  When the 

size of the DNA fragment was less than 400 bp a further one sample volume of 

isopropanol was added.  The dissolved gel solution was then transferred into an 

AxyPrep column and micro-centrifuge tube and centrifuged at 13 000 rpm for one 

minute.  The filtrate was discarded and 500 µL of buffer W2 added to the column and 

centrifuged for 30 seconds at 13 000 rpm.  The filtrate was discarded and 700µL of 

buffer W2 added to the column and centrifuged for a further 30 seconds at 13 000 rpm.  

The filtrate was discarded and the column centrifuged for one minute at 13 000 rpm to 

ensure complete drying of the filter and removal of any residual buffer.  The column 
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was then placed into a new 1.5 mL micro-centrifuge tube and 25 µL of dd H20 pipetted 

onto the membrane.  The column was allowed to stand for one minute to ensure elution 

of the DNA and finally centrifuged for one minute at 13 000 rpm.  The DNA was stored 

at -20 °C in a post-PCR room for sequencing and to be made into PCR standards.   

 

PCR Product Sequencing 

PCR products were sequenced and aligned against published gene sequences in a Blast 

search via PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) to ensure that the primers 

were amplifying the correct product.  The PCR product was run on a gel, excised and 

the product extracted as described previously in Gel Excision and Extraction, pg 66.  

The resulting DNA template was used in a sequencing reaction as described in Table 

2.13. 

 
Table 2.13: Sequencing Reaction. 

Component Volume 
Big Dye v3.1 2 µL 
Big Dye buffer 1 µL 
Primer specific to template (2 µM) 1.6 µL 
DNA Template 6 µL 

 

The reaction was run on a thermocycler with the following conditions (Table 2.14). 

 
Table 2.14: Cycling for Sequencing Reaction. 

Temperature Time 
96 °C 1 minute 
96 °C 30 seconds 
52 °C 30 seconds 
60 °C 4 minutes 

25 Cycles 

4 °C Hold 
 

The resulting product was precipitated using an ethanol/ethylenediaminetetraacetic acid 

(EDTA) reaction.  The sequencing reaction (10 µL) was added with 2.5 µL of 125 mM 

EDTA, pH 8.0 and 25 µL of 100 % ethanol in a 1.5 mL micro-centrifuge tube 

(Eppendorf).  Inverting the tube four times mixed the components.  The reaction was 

incubated for 15 minutes at RT and then centrifuged at maximum speed for 20 minutes 

at 4 °C.  The supernatant was removed and 30 µL of 70 % ethanol added to the tube 

without mixing.  The tube was then centrifuged at maximum speed for five minutes at 4 

°C.  The ethanol was removed and the pellet air-dried in the dark for two hours.   
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The pellet was then sent to Royal Perth Hospital (RPH) where sequencing of the 

product was performed as a service.  

 

Standards for qPCR 

Standards were made for each gene to enable quantification of products for qPCR 

reactions.  Ten fold serial dilutions were made from gel extracted DNA (see Gel 

Excision and Extraction, pg 66) as detailed in Table 2.15. 

 
Table 2.15: Generation of Standards for qPCR. 

Real Time PCR Standard Dilution 
1 Gel extraction solution 
2 1 µL Standard 1 + 9 µL ddH20 
3 1 µL Standard 2 + 9 µL ddH20 
4 1 µL Standard 3 + 9 µL ddH20 
5 1 µL Standard 4 + 9 µL ddH20 
6 1 µL Standard 5 + 9 µL ddH20 
7 1 µL Standard 6 + 9 µL ddH20 
8 1 µL Standard 7 + 9 µL ddH20 
9 1 µL Standard 8 + 9 µL ddH20 

10 1µL Standard 9 + 9µL ddH20 
 

Standards were then used simultaneously in qPCRs to establish the relative expression 

of the cDNA of interest for each of the primer sets tested. 

 

ANALYSIS OF PROTEIN EXPRESSION BY WESTERN BLOT 

Protein Extraction  

Protein analysis by Western blot shows whether a particular protein is translationally 

expressed for the epitote that is specific to the particular antibody used.  Protein was 

extracted from immortalised cell lines, primary cell cultures from breastmilk and cells 

straight from breastmilk using a Radioimmunoprecipitation (RIPA) buffer.  RIPA 

buffer comprised of 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 % Triton X-100, 5 % 

sodium deoxycholate, 0.1 % sodium dodecyl sulfate (SDS) and 0.1 mM 

phenylmethylsulfonyl fluoride (PMSF).  All components except PMSF were combined 

and made up to 10 mL in dd H20 and placed in the freezer for 20 minutes to cool.  

Before use PMSF (10 µL) was added.   

 

50 µL of RIPA buffer was used for every 1 x 106 cells or for every pellet of cells 

isolated straight from breastmilk.  Cells grown on culture vessels were lysed in the 
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RIPA buffer using a cell scraper (Sarstedt) and cell pellets were lysed via pipetting up 

and down.  The lysate was transferred to a 1.5 mL micro-centrifuge tube and vortexed.  

The tube was incubated on ice for 30 minutes.  After incubation the samples were 

vortexed again then centrifuged at 13 000 rpm for five minutes at 4 °C.  The supernatant 

was collected and stored at -80 °C.     

 

Bradford Protein Assay 

The Bradford protein assay was used to determine the concentration of total protein in 

the samples.  Protein concentration was determined by reference to a standard curve.  

Standards were made using bovine serum albumin (BSA, Sigma) from a stock of 10 

mg/mL as detailed in Table 2.16. 

 
Table 2.16: Standards for Bradford Protein Assay. 

Tube Concentration of BSA Components 
A 500 µg/mL 50 µL stock + 950 µL 0.01 x PBS 
B 400 µg/mL 760 µL A + 190 µL 0.01 x PBS 
C 300 µg/mL 750 µL B + 250 µL 0.01 x PBS 
D 200 µg/mL 600 µL C + 300 µL 0.01 x PBS 
E 100 µg/mL 400 µL D + 400 µL 0.01 x PBS 

 

Samples were diluted 1:20 in 0.01 x PBS.  Standards were not diluted.  Two repeats 

were performed for each standard and sample.  10 µL of standard or samples were 

pipetted into wells of a clear 96-well plate (Corning Incorporated, Corning, NY, USA).  

200 µL of Protein Assay Dye Reagent (Biorad: Hercules, CA, USA) at a dilution of 1:4 

in 0.01 x PBS was added to the samples and standards and left at room temperature for 

five minutes.  Absorbance of the samples was read at 605 nm on a BioTek® 

PowerWave XS spectrophotometer (BioTek: Winooski, VT, USA).  A standard curve 

from the standard samples was made and the concentrations of the samples determined.    

 

Western Blot  

For western blots, a 12 % separating gel with 4 % stacking gel was used, detailed in 

Table 2.17 and Table 2.18: 
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Table 2.17: Western Blot 12 % Separating Gel. 

Gel Ingredient Volume 
dd H20 3.35 mL 
1.5 M Tris HCl, pH 8.8 2.5 mL 
10 % SDS 100 µL 
30 % Acrylamide/bis (Biorad) 4.0 mL 
10 % Ammonium Persulfate (APS) 100 µL 
Tetramethylethylenediamine  
(TEMED, Sigma-Aldrich) 

10 µL 

 
Table 2.18: Western Blot 4 % Stacking Gel. 

Gel Ingredient Volume 
dd H20 6.1 mL 
0.5 M Tris HCl, pH 8.8 2.5 mL 
10 % SDS 100 µL 
30 % Acrylamide/bis (Biorad) 1.3 mL 
10 % Ammonium Persulfate (APS) 50 µL 
Tetramethylethylenediamine  
(TEMED, Sigma-Aldrich) 

10 µL 

 

APS and TEMED were added last as they cause the gel to set.  The 12 % separating gel 

was made first and gently pipetted between glass plates in a Biorad loading apparatus.  

100 µL of dd H20 was added on top to ensure the gel set with a sharp edge.  After the 

separating gel had set, the dd H2O was removed with blotting paper and the 4 % 

stacking gel made then pipetted on top.  Combs were placed at the top of the apparatus 

to form wells for the loading of protein.  Once set, the apparatus was placed into a 

western blot electrophoresis tank with electrode buffer (3 % Tris, 14.4 % glycine, 1 % 

SDS in ddH20) and the combs removed.   

 

50µg of total protein was added to an equal volume of loading buffer (20 mM Tris pH 

6.8, 4 % SDS, 10 % glycerol, 0.006 % bromophenol blue and 2 % β-mercaptoethanol) 

and the sample heated to 95 °C for five minutes.  Samples were loaded into the wells 

and 5 µL of SeeBlue Plus2® Pre-stained standard (Invitrogen) in one of the lanes as a 

molecular weight marker.  The gel was electrophoresed at 100 volts for the first 30 

minutes until the sample had migrated through the stacking gel followed by 120 volts 

for two hours. 

 

After electrophoresis the stacking gel was removed with a scalpel and the separating gel 

soaked in transfer buffer (3.03 g Tris, 14.4 g glycine and 200 mL methanol made up in 

one L dd H2O) for five minutes.  The gel was transferred to a nitrocellulose membrane 

(Amersham-GE Health Care: Buckinghamshire, UK).  The gel was stacked in a transfer 
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cassette with fibrous pads and the nitrocellulose membrane and loaded into the transfer 

apparatus.  The apparatus was filled with transfer buffer and run at 30 mAmp for 15 

hours overnight at 4 °C.  Following transfer the membrane was washed in tris-buffered 

saline with 0.05 % tween (TBS-T 0.05 %) for 10 minutes.  A Ponceau-S stain (2 % 

trichloroacetic acid (TCA) and 0.2 % Ponceau-S in dd H2O) was used to identify equal 

loading of protein.  Membranes were washed for five minutes in Ponceau-S.  Following 

visualisation of the protein and hence successful transfer, the Ponceau-S stain was 

washed away with distilled water.  The membrane was then washed three times in TBS-

T 0.05 % for five minutes each with gentle agitation.  

 

Labelling of Protein With Antibody 

To detect the specific proteins, the membranes were blocked with milk and incubated 

with primary and secondary antibodies.  Available antibodies Wnt1, sFRP4 and β-

Catenin were used, with β-Actin as a housekeeping antibody.  A summary for each 

protein detected is given in Table 2.19. 

 
Table 2.19: Western Blot Antibody Protocols. 

Protein Wnt1 sFRP4 β-Catenin β-Actin 
5 % skim milk powder in TBS-T Blocking 

One hour RT with gentle agitation 

Rabbit anti Wnt1 
ab:15251 (AbCam: 
Cambridge, UK) 
1:1000 in  
TBS-T  

Rabbit anti sFRP4 
(Upstate 
Millipore) 
1:1000 in  
TBS-T  

Mouse anti-active-
β-Catenin, clone 
8E4 (Millipore) 
1:1000 in  
TBS-T  

Monoclonal antibody 
to human β-Actin, 
clone AC-15 (Sigma-
Aldrich), 1:5000 in  
TBS-T  

1° 
Antibody 

Two hours RT with gentle agitation One hour RT with gentle agitation 

Washing TBS-T 0.05 % 
3 x 5 minutes with gentle agitation 

Rabbit Ig HRP, (goat 
anti-rabbit) 1:10000 
in TBS-T  
(DAKO: Glostrup, 
Denmark) 

Rabbit Ig HRP, 
(goat anti-rabbit) 
1:10000 in TBS-T  
(DAKO) 

Mouse Ig HRP, 
(rabbit anti-mouse) 
1:10000 in TBS-T  
(DAKO) 

Mouse Ig HRP, 
(rabbit anti-mouse) 
1:10000 in TBS-T  
(DAKO) 

2° 
Antibody 

One hour RT with gentle agitation 

Washing  TBS-T 0.05 % 
3 x 5 minutes with gentle agitation 
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After the final wash, the membrane was incubated with ECL: SuperSignal ® West Pico 

Chemiluminescent Substrate, consisting of one part Stable Peroxide Solution and one 

part Luminal/Enhancer solution (Amersham-GE Health Care) for five minutes.  

Following incubation the membrane was exposed to film for 10 seconds, 30 seconds 

and one minute in an enclosed cassette a dark room.  The film was soaked in Kodak 

Professional D-19 Developer (Kodak) developer for one minute, washed in water for 

one minute and fixed in Kodak GBX Fixer and Replenisher (Kodak) for one minute.  

Films were washed for five minutes in water, hung to dry and then scanned onto a 

computer and saved as an image for pixel density quantification.   

 

Quantification of Protein Expression 

Western blot protein identification was quantified using NIH Image 1.63 of the scanned 

image and pixel densities established.  Pixel densities of the bands were normalised 

against β-Actin. 

 

TISSUE MICROARRAY, IMMUNOHISTOCHEMISTRY AND TUNEL 

Immunohistochemistry provides a visual cellular identification of the expression of 

desired proteins in a tissue section.  Immunohistochemistry was performed on TMA 

sections of breast carcinomas based on protocols detailed in Feng Han et al., (2006).  

Detection of Wnt1, sFRP4 and β-Catenin antibodies was performed.   

 

Tissue Processing and Sectioning 

Breast tissue microarray sections were obtained from the Western Australian Research 

Tissue Network (WARTN) from samples obtained from the Royal Perth Hospital 

(RPH) Pathology Department under ethics approvals granted by the RPH and Sir 

Charles Gairdner Hospital Human Research Ethics Committees. Samples were 

surgically removed at RPH between 1995 and 2001, fixed in formaldehyde and 

embedded in paraffin.  The sections included samples of normal adjacent breast tissue, 

in situ and invasive carcinomas.  Patient details including ER status and tumour type 

were available. Cores containing breast and prostate cancer cell lines were included in 

all microarray sections as controls.  
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Immunohistochemistry Staining 

TMA slides were first dewaxed in three washes of three minutes in xylene.  The 

sections were rehydrated in three washes of one minute in 100 % ethanol, a one-minute 

wash in 95 % ethanol, a one-minute wash in 75 % ethanol and finally a one-minute 

wash in dd H20.  The slides were then washed in 1 x TBS for one minute.  Antigen 

retrieval was performed by incubating the slides in 10 mM citrate buffer, pH 6.0 

(sodium citrate tribasic dyhydrate, Sigma-Aldrich) for two minutes at 121 °C in a 

pressure cooker.  The pressure cooker was cooled to 90 °C and the slides removed and 

cooled with slow running water for 20 minutes.  Sections were washed in 1 x TBS for 

five minutes.  To block any endogenous peroxidases and prevent background staining, 

sections were incubated for 10 minutes with 1 % hydrogen peroxide in TBS (Wnt1) or 3 

% hydrogen peroxide solution in TBS (sFRP4).  Blocking of endogenous peroxidases 

for β-Catenin was performed using a peroxidase blocking solution from the DAKO 

EnVision System Kit (DAKO).  Sections were then blocked with serum for 15 minutes 

to prevent non-specific binding of the antibodies.  Blocking was performed using 5 % 

calf serum in 1 x TBS (Wnt1), 10 % goat serum in 1 x TBS with 0.01 % Tween 

(sFRP4) or 2 % calf serum in TBS (β-Catenin).  Primary antibodies were added to the 

slides and incubated at RT for one hour.  A no-primary antibody control was also 

performed.  The antibodies used are listed in Table 2.20. 

 
 Table 2.20: Primary Antibodies for Immunohistochemistry. 

Antibody Company Dilution 
Mouse anti-active-β-Catenin, clone 8E4. Millipore 1:400 
Rabbit anti sFRP4 Millipore 1:100 
Rabbit anti Wnt1 ab:15251 AbCam 1:100 

 

Sections were then washed three times in 1 x TBS for five minutes each.  For the 

secondary antibody incubation a pre-optimised kit (Dako REAL™ EnVision Detection 

System, K5007) was used.  Two drops of reagent A, the horseradish peroxidase (HRP)-

conjugated rabbit/mouse, was put on each section.  The sections were incubated for 30 

minutes at RT and washed three times in 1 x TBS for five minutes each.  To visualise 

the antibody staining, reagents B (substrate buffer) and C (3,3'-diaminobenzidine 

(DAB) + Chromagen) from the Dako REAL™ EnVision Detection System kit were 

made to a one times working solution and added to the sections and the colour change 

monitored.  The sections were then placed in dd H20 and counterstained with Meyer’s 

Haematoxylin for three minutes.  The sections were washed for one minute in running 



______________________________________________________________________ 

Chapter 2: Materials and Methods_________________________________________________________________________ 76 

tap water, one minute in Scott’s tap water substitute (STWS) water then one minute in 

running tap water.  The sections were then dehydrated in increasing concentrations of 

ethanol washes (75 %, 95 % and 3 x 100 %) for one minute each.  Sections were cleared 

using 1:1 ethanol:xylene solution for one minute followed by three washes of xylene for 

two minutes each.  Sections were then mounted using DePeX (Merck & Co Inc) 

mounting medium. 

 

TUNEL Staining For DNA Fragmentation 

TUNEL staining is a common technique used for the identification of apoptotic cells 

(Gavrieli et al., 1992).  The principal behind this technique is based around apoptotic 

DNA strand breaks with a free 3’-OH terminus that are enzymatically labelled with 

modified nucleotides.  Briefly, the enzyme terminal deoxynucleotidyl transferase (TdT) 

transfers the biotin- 2’-deoxyuridine 5’-triphosphate (dUTP) to nicks in the DNA that 

occur as a result of fragmentation. DNA with biotin-dUTP are detected with an HRP-

conjugate and visualised by DAB.  This technique is widely available in many kits.  

TUNEL staining was performed on TMA slides to identify areas undergoing DNA 

fragmentation using ApopTag® Plus Peroxidase In Situ Apoptosis Detection Kit 

(Millipore) following the manufacturers recommendations. Positive TUNEL 

identification of cells consists of combining the identification of apoptotic morphology 

with positive DAB staining, which is recommended in the manufacturer’s instructions, 

as well as by others (Labat-Moleur et al., 1998; Jerome et al., 2000).       

 

Analysis of TMA Slides 

Grading of the cores was performed with the assistance of a pathologist, Dr Adrian 

Charles.  Cores were graded as no expression (0), weak expression (1), moderate 

expression (2) or strong expression (3).  It was noted where the positive staining was 

identified, for example: nuclear, cytoplasmic, blood vessels etc.  For the analysis of 

TUNEL staining, apoptotic morphologies were also considered before a true apoptotic 

cell was identified.  Total apoptotic cells were counted per core (0.782 mm2).  Slides 

were scanned using an Aperio Scan Scope (Aperio Technologies: Vista, CA, USA) and 

photographs taken using Image Scope software.  For comparisons, cores were divided 

into three groups: normal breast tissue, non-invasive breast tumour (including DCIS, 

LCIS) and invasive breast tumour based on the data available with the TMA that was 

provided by WARTN.  Additionally the ER status of the tumour was determined after 
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surgery and was available to compare against the immunohistochemistry grading for the 

proteins described previously, also provided by WARTN.     

 

DATA ANALYSIS 

Analysis of data was performed using either InStat 3 For Macintosh, Version 3.0b, 

©1992-2003 from GraphPad Software, Inc. (www.graphpad.com) or Microsoft® 

Excel® for Macintosh.  Paired student T-tests or repeated measures analysis of variance 

with Bonferoni adjustment for multiple comparisons test was used to analyse data.  

Results are presented as mean ± standard error of the mean (SEM). 
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CHAPTER 3: OPTIMISING CONDITIONS FOR 
BREASTMILK STORAGE: CELL VIABILITY 

 

INTRODUCTION 

The cellular content of human breastmilk varies between individuals and also with the 

stage of lactation (Ho et al., 1979; Pitt, 1979; Brooker, 1980; Buescher & Pickering, 

1986).  The cellular component comprises various types of immune cells that make up 

to 99 % of the total cell count at parturition and decrease to 8 % at six months post-

partum (Ho et al., 1979; Brooker, 1980).  Meanwhile, the epithelial-derived proportion 

of cells in breastmilk rises from as little as 1 % at birth to up to 85 % at six months post-

partum (Kordon & Smith, 1998).  Studies using radiolabelling of baboon mothers 

immune cells from breastmilk have demonstrated that they can be detected in the 

infant’s circulating blood (Jain et al., 1989), suggesting that immune cell population 

from breastmilk may be important for conferring immunity to the infant.  On the other 

hand, the epithelial population of cells present in breastmilk provides a novel non-

invasive source of mammary cell acquisition (Buehring, 1972).  Breastmilk can be used 

as a source of cells for use in primary culture provided cell viability is maintained after 

the collection of the breastmilk.  It is therefore imperative that during breastmilk storage 

the viability of the cells in breastmilk is known. 

 

Currently there is no evidence on the storage of breastmilk and the impact on cellular 

viability. This chapter investigates the impact of the storage of breastmilk at 4 °C, RT 

and 37 °C over seven days on the viability of the cellular content of breastmilk.   

 

Aims 

• To establish the outcomes of breastmilk storage and subsequent cellular viability. 

• To compare the different levels of viability of cells from breastmilk as the sample is 

stored at 4 °C, RT and 37 °C over seven days. 

• Provide information in relation to the viability of cells in breastmilk that will benefit 

mothers who store expressed breastmilk. 

• Establish the optimum storage conditions for breastmilk to better facilitate the use of 

the cells in breastmilk for mammary gland research. 
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Methodology 

A brief outline of the methods used is given in the flow chart below (Figure 3.1): 

 

 
Figure 3.1: Outline for Methodology in Chapter 3. 

 

RESULTS 

Cell Viability in Stored Breastmilk 

Breastmilk was stored at 4 °C, RT and 37 °C and the viability was tested on each day up 

to seven days.  Cells were isolated and viability measured using Trypan Blue.  The 

following figures show the proportion of viable, non-viable and the percentage of viable 

cells isolated from breastmilk at 4 °C (Figure 3.2), RT (Figure 3.3) and 37 °C (Figure 

3.4) storage.  Following this, cross-comparisons of storage temperatures for: total 

viability (Figure 3.5), non-viability (Figure 3.6) and percentage viability (Figure 3.7) 

are shown for the seven days of storage. 

 

 
 
 

 

 

 

 

 

Breastmilk 
Collected 

(n=10) 

Breastmilk 
Storage for 7 Days 
at 4 °C, RT and 37 

°C and Cells 
Isolated 

Cells Stained 
with Trypan 

Blue 

Cells Counted, 
Viability 

Determined 



______________________________________________________________________ 

Chapter 3: Optimising Conditions for Breastmilk Storage: Cell Viability___________________________________________ 82 

 

 

 

 

 
 

 

 

4 °C Storage Day1 Day2 Day3 Day4 Day5 Day6 Day7 

Viable Cells 3.98 ns 3.82 ns 3.75 ns 3.71 ns 3.63 ns 3.59 ns 3.49 ns 

Non-Viable Cells 3.56 ns 3.52 ns 3.47 ns 3.49 ns 3.48 ns 3.54 ns 3.56 ns 

% Viability 71.67 a 66.19 ab 65.11 ab 62.18 ns 58.43 ns 52.59 bc 46.11 c 

 

 

 
Figure 3.2: Viable, Non-Viable and Percentage Viability of Cells from Breastmilk Stored for Seven Days 
at 4 °C. 
(A) Graphical representation and (B) tabulation of the graph’s values showing significance measured 
between storage days.  In the table, values in the same row with different superscripts statistically differ 
where p<0.05 and “ns” represents no significance (p>0.05). 
 

 

A 
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RT Storage Day1 Day2 Day3 Day4 Day5 Day6 Day7 

Viable Cells 3.98 a 3.91 ab 3.65 ab 3.43 b 3.94 ab 4.35 ac 4.64 c 

Non-Viable Cells 3.56 ab 3.52 ab 3.50 ab 3.40 b 3.70 ns 4.04 ac 4.13 c 

% Viability 71.67 a 69.73 a 58.52 ns 51.12 b 62.16 ns 65.95 ns 75.70 ns 

 

 

 
Figure 3.3: Viable, Non-Viable and Percentage Viability of Cells from Breastmilk Stored for Seven Days 
at RT. 
(A) Graphical representation and (B) tabulation of the graph’s values showing significance measured 
between storage days.  In the table, values in the same row with different superscripts statistically differ 
where p<0.05 and “ns” represents no significance (p>0.05). 
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37 °C Storage Day1 Day2 Day3 Day4 Day5 Day6 Day7 

Viable Cells 3.98 ab 3.54 a 4.06 ab 4.49 bc 4.56 cd 4.62 cd 4.33 b 

Non-Viable Cells 3.56 a 3.47 a 3.57 ab 3.65 ac 4.11 bc 4.39 cd 4.15 d 

% Viability 71.67 ns 53.89 a 70.12 ns 85.03 b 71.67 ns 60.99 a 57.60 a 

 

 

 
Figure 3.4: Viable, Non-Viable and Percentage Viability of Cells from Breastmilk Stored for Seven Days 
at 37 °C. 
(A) Graphical representation and (B) tabulation of the graph’s values showing significance measured 
between storage days.  In the table, values in the same row with different superscripts statistically differ 
where p<0.05 and “ns” represents no significance (p>0.05). 
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Number of Viable 
Cells (Log10) 

4 °C 
Storage 

RT 
Storage 

37 °C 
Storage 

Day1 3.98 ns 3.98 ns 3.98 ns 

Day2 3.82 ns 3.91 ns 3.54 ns 

Day3 3.75 ns 3.65 ns 4.06 ns 

Day4 3.71 a 3.43 a 4.49 b 

Day5 3.63 a 3.94 a 4.56 b 

Day6 3.59 a 4.35 b 4.62 b 

Day7 3.49 a 4.64 b 4.33 b 

 

 
Figure 3.5: Comparisons of Total Cell Viability Against Each Storage Temperature. 
(A) Graphical representation and (B) tabulation of the graph’s values showing significance measured 
between storage temperatures.  In the table, values in the same row with different superscripts 
statistically differ where p<0.05 and “ns” represents no significance (p>0.05). 
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Number of Non-
Viable Cells (Log10) 

4 °C 
Storage 

RT 
Storage 

37 °C 
Storage 

Day1 3.56 ns 3.56 ns 3.56 ns 

Day2 3.52 ns 3.52 ns 3.47 ns 

Day3 3.47 ns 3.50 ns 3.57 ns 

Day4 3.49 ns 3.40 ns 3.65 ns 

Day5 3.48 a 3.70 ab 4.11 b 

Day6 3.54 a 4.04 b 4.39 b 

Day7 3.56 a 4.13 b 4.15 b 

 

 
Figure 3.6: Comparisons of Total Cell Non-viability Against Each Storage Temperature. 
(A) Graphical representation and (B) tabulation of the graph’s values showing significance measured 
between storage temperatures.  In the table, values in the same row with different superscripts 
statistically differ where p<0.05 and “ns” represents no significance (p>0.05). 
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Percentage 
Viability  

4 °C 
Storage 

RT 
Storage 

37 °C 
Storage 

Day1 71.67 ns 71.67 ns 71.67 ns 
Day2 66.19 ns 69.73 ns 53.89 ns 
Day3 65.11 ns 58.52 ns 70.12 ns 
Day4 62.18 a 51.12 a 85.03 b 

Day5 58.43 ns 62.16 ns 71.67 ns 
Day6 52.59 ns 65.95 ns 60.99 ns 
Day7 46.11 a 75.70 b 57.60 ab 

 

 
Figure 3.7: Comparisons of Percentage Viability Against Each Storage Temperature. 
(A) Graphical representation and (B) tabulation of the graph’s values showing significance measured 
between storage temperatures.  In the table, values in the same row with different superscripts 
statistically differ where p<0.05 and “ns” represents no significance (p>0.05). 

 A 
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From the results shown in Figure 3.2 and 3.7 it is evident that a viable population of 

cells can be identified at all temperatures analysed over seven days.  For breastmilk 

stored at 4 °C there was a gentle decline in the overall cell numbers and cell viability 

over the seven days from 71.6 % viability on Day 1 to 46.1 % viability on Day 7.  For 

breastmilk stored at RT cell numbers and viability declined until day four where total 

viability and percentage viability then increased.  The number of non-viable cells also 

increased at RT storage (from Day 4 to Day 7).  Total cell viability and percent viability 

declined more rapidly at 37 °C compared to RT and 4 °C storage over the first 24-hour 

period (Day 1 to Day 2).  Total cell viability and percentage viability for breastmilk 

stored at 37 °C then increased for a further two days (Day 3 to Day 4).  After Day 4, the 

number of viable cells remained fairly constant at 37 °C, however there was an increase 

in non-viable cells and thus result a decline in overall viability. 

 

Cell Morphologies in Stored Breastmilk 

The morphologies of the cells counted varied between the different storage 

temperatures.  At the higher temperatures (RT and 37 °C), there was an increase in 

macrophage-like cells after storage.  Figure 3.8 shows the morphological transition of 

the isolated cellular components of breastmilk stained with Trypan Blue over the seven-

day storage period at 4 °C, RT and 37 °C. 
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Figure 3.8: Cells From Breastmilk After Storage at 4 °C, RT and 37 °C, 10 x Magnification. 
Breastmilk stored at RT and 37 °C had larger final dilutions, so the visual frequency of cells is less in the 
photographs than actually calculated.  Viable cells (green arrow), non-viable cells (red arrow) 
macrophage-like cells (black arrow). 
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As shown in the photographs from Figure 3.8, breastmilk stored at RT and 37 °C had an 

increase in the number of macrophage-like cells.  These cells were much larger than the 

epithelial cell population that were small and round.  These macrophage-like cells had 

an irregular cell membrane and were sometimes seen to be engulfing debris that was 

frequently observed at higher storage temperatures.   

 

DISCUSSION 

Cell Viability and Breastmilk Storage 

Results proved for the first time that a viable cell population existed in breastmilk at all 

storage temperatures over the storage period (Figures 3.2-3.8).  It was not expected that 

RT and 37 °C storage would maintain a viable population of macrophage-like cells, or 

that these cells would appear to increase in population size during storage.  It was 

thought that the cell population would decline after storage at RT or 37 °C for two to 

three days due to either insufficient nutrient supply, or because RT is lower that the 

temperature normally required for cells to maintain homeostasis.   

 

When visualising the cells over the seven-day storage period an increase in total 

viability at RT and 37 °C often coincided with an increase in visual debris that pelleted 

with the cell isolation (Figure 3.8).  The predominant cells identified when this debris 

was present were large with typical macrophage-like morphology.  This is the first 

known study to describe such cells in stored breastmilk.  It is believed that the warmer 

temperatures may be providing an environment where these cells can actively transition 

through the cell cycle and divide in the breastmilk even though they are no longer 

attached to the basement membrane of the alveolar of the mammary gland.  It has 

recently been established that macrophages play a role in the normal development of the 

mammary gland, with an abundance of macrophages being identified in the lobule and 

alveolar regions of the lactating mammary gland (Gouon-Evans et al., 2002).  

Macrophages that are derived from tissue are able to retain the ability to proliferate 

under suitable conditions (Luo et al., 2008) usually by either the assistance of 

macrophage growth factors (MGF) or the mitosis of macrophages due to inflammation 

(Forbes & Mackaness, 1963).  One precursor macrophage cell has been stated to give 

rise to up to 2.6 x 104 daughter cells, which is dependant on MGF (Van Der Zeijst et al., 

1978).  Macrophage colony stimulating factor (M-CSF) is a MGF and is known to 
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cause monocytes and macrophages populations to increase (Douglass et al., 2008; 

Naito, 2008).  It is hypothesised in this current study that a MGF such as M-CSF may 

be present in breastmilk, causing either mitotic division of the macrophage-like cells 

during breastmilk storage at higher temperatures, or the stimulation of 

monocytes/macrophages to divide and differentiate into greater macrophage 

populations.  Further studies are required to elucidate this statement.  Additionally it is 

possible that monocytes present in breastmilk may indeed be stimulated to differentiate 

into macrophages during storage. 

 

The increase in debris seen in this study may comprise bacteria, which could in turn be 

encouraging either the monocytes population to differentiate into macrophages, or the 

macrophage-like cells to divide in order to compensate for their environment.  Towards 

the end of the seven-day storage period at 37 °C, the percentage viability decreased 

(Figure 3.4 and 3.7).  If indeed the debris is bacterial then the large quantities may 

ultimately cause a decline in viable cells including the macrophage-like population.  

Bacterial toxins that are excreted by bacteria have been shown to cause a halt in G2 of 

the cell cycle (Whitehouse et al., 1998) and may be acting similarly here.  Establishing 

bacterial content in stored breastmilk would clarify if bacteria were playing a part in the 

debris seen in some of these samples. 

 

Breastmilk Storage, Cell Viability and Implications for Breastfeeding Mothers 

For breastfeeding mothers, the notion that breastmilk has viable cells even after seven 

days of storage in a refrigerator (4 °C) may enable them to store breastmilk for longer 

than three to five days, which is currently recommended by the ABA, increasing 

mothers flexibility for use and reducing wastage.  However there are more factors 

contributing to overall storage capacity of breastmilk for infant consumption including 

bacterial content. 

 

Breastmilk Storage, Cell Viability and Implications for Mammary Gland Research 

It may be possible to extend the period of storing breastmilk for the use of breastmilk 

for mammary gland research before isolating the cell population.  Breastmilk is often 

utilised as quickly as possible in attempts to retrieve the highest number of viable cells.  

This puts time restraints on the time of day that breastmilk collection can be performed 
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for cell isolation experiments as processing of the breastmilk after collection takes a 

couple of hours.  If viable cells are present for up to seven days at 4 °C and viability 

only decline by approximately five percent in the first 24 hours – breastmilk can now be 

collected at any time of day and the donation placed in the refrigerator until processing 

can be performed.  This will increase the number of donors that can be visited and 

ultimately increase the usability of breastmilk as a source of cells for mammary gland 

research.  Ideally using fresh breastmilk is optimal, but having the ability to store 

breastmilk at 4 °C is valuable if more time is needed.   

 

Breastmilk Storage, Cell Viability and Storage of Other Cellular Fluids 

Breastmilk is not the only cellular fluid that can require storage.  Blood is frequently 

donated, tested and stored at 4 °C for donation to patients.  Many studies have looked at 

the improvement of blood storage due to the fact that red blood cells are very sensitive 

to oxidative damage and undergo biochemical changes that decrease the red blood cell 

survival, also called storage lesions (Tinmouth et al., 2006; Yoshida et al., 2007).  

Storage lesions usually occur after two weeks of storage at 4 °C (Tinmouth et al., 2006) 

reducing the shelf life of blood donations.  Recently a study looked at the effect on 

anaerobic storage of red blood cells and found it to be superior in prolonging the storage 

capacity (Yoshida et al., 2007).  It is unknown whether this benefit will be similar in 

breastmilk storage.  Milk inside the breast is anaerobic, therefore continuing the storage 

in anaerobic conditions after expression is believed to improve the storage capacity – 

however the feasibility of such storage for mothers is debateable.  Optimising storage 

conditions for blood is an ongoing research field and as the recipients of the donor 

blood are often critically ill or are neonates, maintaining a blood cell population similar 

to that at donation is vital.  Here, results suggested that breastmilk stored at 4 °C 

showed the most similar cellular populations over the seven days of storage.  If storage 

of blood at higher temperatures is similar to that of breastmilk it can be recommended 

that future research involving blood storage only be performed at 4 °C to observe if 

similar patterns of cell viability are seen.   

 

Future Directions 

The numbers of immune cells in breastmilk can vary and a high number is not always 

attainable for research purposes.  Though not tested here, those wishing to specifically 
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study the immune cell population in breastmilk research purposes should investigate 

storing breastmilk at RT in order to obtain a larger population for analysis.   The results 

shown here suggest that it may be possible to store breastmilk for up to seven days at 

RT in the attempt to increase the numbers of macrophage-like cells that were seen here 

and determine specifically if they are indeed immune cells and what type of immune 

cell they are.   

 

Understanding types of cells present in the stored breastmilk could be investigated by 

using various cellular markers that are specific for epithelial cell and immune cells.  

This could include markers such as CD3, CD45 and CD4 which are markers for T-

lymphocytes, leukocytes and T-helper cells respectively.   

 

Future exploration into MGF and the effect it has during breastmilk storage will help 

identify how the macrophage-like cell population is dividing or whether monocytes are 

differentiating into macrophages.  Whether variable levels exist between mothers 

should also be investigated.  As mitosis of macrophages is known to exist during 

inflammation (Forbes & Mackaness, 1963), explorations involving mastitis breastmilk 

samples could also be incorporated. 

 

In order to establish the components making up the debris that was seen during cell 

isolation and viability analysis of RT and 37 °C samples, the quantification of bacteria 

present during breastmilk storage needs to be addressed.  This will be examined further 

in Chapter 4.  

 

Conclusions 

This chapter set out to determine if storing breastmilk had an impact upon the cell 

population and thus influence the use of breastmilk as a source of cells for mammary 

gland research.  This study is the first to reveal that viable cells were seen for up to 

seven days in stored breastmilk.  Breastmilk stored at 4 °C had a total cell viability of 

71.6 % on the day of collection that dropped to 46.1 % on day seven.  Macrophage-like 

cells were observed in breastmilk stored at RT and 37 °C and the factors impacting their 

predominance require investigation.  Further research into other factors limiting storage 

periods, for example qualitative bacterial growth, will determine if up to seven days of 

storage is recommended.  The quantification of bacterial growth in stored breastmilk 
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will be covered in detail in Chapter 4 – providing additional details for the use of 

breastmilk in the laboratory as a source of mammary cells for growing in primary 

culture and additionally providing information that will benefit mothers who express 

and store breastmilk for their infants and also for human milk banks. 
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CHAPTER 4: OPTIMISING CONDITIONS FOR 
BREASTMILK STORAGE: MICROBIOLOGY 

 

INTRODUCTION 

Bacteria are naturally found in expressed breastmilk and are thought to play an 

important biological function (Conroy et al., 2009), however it is not known whether 

different collection methods and storage conditions add to the endogenous bacterial 

load.  The ABA guidelines state that mothers can express their breastmilk and store it at 

room temperature (less than 26 °C) for six to eight hours, or in the refrigerator (less than 

4 °C) for three to five days (ABA, 2008).  Current literature has a variety of 

recommendations for storage at 4 °C ranging from 24 hours up to eight days (Bjorksten 

et al., 1980; Larson et al., 1984; Sosa & Barness, 1987; Pardou et al., 1994; Ogundele, 

2000; Lawrence & Lawrence, 2005; Rechtman et al., 2006; Silvestre et al., 2006).  The 

La Leche League International and commercial providers of breastpump equipment also 

recommend a variety of times for breastmilk storage at 4 °C from 48 hours to eight days 

(Avent, 2008; LLLI, 2008; Medela, 2008).   

 

Human milk banks rely on donations of breastmilk to feed infants in neonatal intensive 

care units, whose mothers are unable to express sufficient milk for their infants own 

needs.  Milk banks are often forced to dispose of donated breastmilk due to high 

bacterial counts or the presence of pathogens.  The PREM Bank will dispense donations 

after pasteurisation, where the raw donation contains less than 1 x 105 CFU/mL total 

confluent growth of organisms and there are no potential pathogens or bacteria capable 

of producing heat stable enterotoxins (Balmer & Wharton, 1992).  

 

Further, research utilising human breastmilk can be limited if samples have a high 

bacterial content, which can lead to unsuccessful growth of the cells isolated in 

breastmilk in primary culture. 

 

Understanding the number of bacteria in breastmilk and the genus and species present 

will provide valuable information to decrease the proportion of milk donations lost to 

microbial contamination.  Further, information regarding equipment cleaning protocols 

and the impact of breastmilk storage conditions will allow human milk banks to provide 

more appropriate advice to donors enabling fewer donations to be discarded.  Results in 
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Chapter 3 described that breastmilk stored at RT ad 37 °C showed an increase in debris 

during storage for seven days.  As it was hypothesised that the debris could contain 

bacteria, this chapter will establish whether this hypothesis is indeed correct.  This 

chapter will investigate the impact of storage of breastmilk at 4 °C, RT and 37 °C over 

seven days on the microbiology of breastmilk.  This chapter also investigates the use of 

thermally disinfected equipment and not thermally disinfected equipment and the 

impact this has of the bacterial content in stored breastmilk.  Predominant bacteria will 

be identified to a genus and species level.  

 

Aims 

• To compare the variable numbers of bacteria in breastmilk as the sample is stored at 

4 °C, RT and 37 °C over seven days. 

• To identify the various predominant organisms that grow in breastmilk when the 

sample is stored over seven days at 4 °C, RT and 37 °C. 

• To establish the various bacteria residing on thermally disinfected breastpump 

equipment and compare to those on not thermally disinfected breastpump equipment 

and to determine if these different levels of bacteria influence the subsequent bacterial 

content in the breastmilk samples. 

• Provide information that will benefit breastfeeding mothers and those that use 

breastmilk donations requiring low bacterial counts (human milk banks and use for 

research using human breastmilk samples) in relation to breastmilk storage guidelines. 

 

Methodology 

An outline of the methods used in this chapter is given in Figure 4.1: 
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Figure 4.1: Outline for Methodology in Chapter 4. 

 

RESULTS 

Breastmilk was plated onto Horse Blood, CLED and MacConkey agar.  On the day of 

collection and every 24 hours thereafter for seven days – CFU/mL was established from 

the colony counts and dilutions and a mean ± standard error of the mean (SEM) 

determined for each subject at each time point and at each storage temperature tested. 

 

CFU/mL in Stored Breastmilk 

The mean CFU/mL established on the day of collection is presented in Figure 4.2.  This 

figure shows the difference between those women that clean and use their own shields 

and those that used thermally disinfected shields.  The data is presented graphically 

(Figure 4.2 A) and additionally displayed in a table to show the statistical data (Figure 

4.2 B).  
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Group Number Average CFU/mL 

Combined Shields 15 102.68  a 
Thermally Disinfected Shield 10 18.67  a 
Not Thermally Disinfected Shield 5 3105.47  b  

 
Figure 4.2: Average CFU/mL on Day of Collection for Different Shields Used. 
(A) Graphical representation and (B) statistics for the different shield groups.  Combined groups include 
both thermally disinfected shield users and non-thermally disinfected shield users.  Different superscripts 
represent significant difference where p<0.05. 
 

After the first 24 hours of storage there was large variation in the number of colonies 

observed at the three different temperatures of which the breastmilk was stored.  A 

common representation of the extent of bacteria growth from breastmilk plated 24 hours 

after collection is shown in Figure 4.3, displaying the differences between storage after 

24 hours at 4 °C, RT and 37 °C also highlighting the increased bacteria growth when 

samples are stored at high temperatures.   

 
 
Figure 4.3: Bacterial Growth of Plated Breastmilk After the First 24-Hours Storage. 
(A) Storage at 4 °C, (B) storage at RT and (C) storage at 37 °C.  RT shows a significant amount of CFUs 
compared to 4 °C and 37 °C shows an entire coverage of bacteria after 24 hours of storage.   
 

   a 

   a 

   b 

A 

  B 

4 °C RT 37 °C 
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To establish the total CFU/mL for all participants, at each temperature, over the seven 

days, both data from those using their own shield and breastpump and those using 

provided equipment that was thermally disinfected were combined (Figure 4.4).  

 

 
Figure 4.4: Comparisons of Storage at 4 °C, RT and 37 °C Over Seven Days and Number of Colony 
Forming Units (log10).   
The line at 1x105 represents the milk bank limit for use/disposal.  Significance was measured between the 
three temperatures on each storage day.  *4 °C storage demonstrated significantly lower CFU/mL 
compared to storage at RT (p<0.05) and storage at 37 °C (p<0.01) for Day 2-7 inclusive. 
 

It can be seen in Figure 4.4 that breastmilk stored at 4 °C maintains a constant CFU/mL 

count.  Breastmilk stored at RT and 37 °C increases in CFU counts each day.  Six out of 

the 10 mothers who donated using thermally disinfected breastpump equipment 

provided to them and one out of the five mothers who donated using their own not 

thermally disinfected breastpump equipment showed no colony formation during the 

seven days storage period at 4 °C.   

 

Comparisons Between CFU/mL and Shield Use  

To compare the difference in CFU/mL between mothers who used their own 

breastpump equipment (n = 5) and those who used thermally disinfected equipment 

provided to them (n = 10), the CFU/mL results were analysed for each group separately, 

as shown in Figure 4.5.  These results show that for every temperature at which the 

breastmilk was stored over seven days, breastmilk samples collected using thermally 

* 
 * 

 * 
    * 

  *      * 
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disinfected equipment provided to the participant demonstrated lower CFU/mL counts 

on each day.  When stored at 4 °C this same group yielded significantly lower CFU/mL 

counts (p<0.05) for each day of storage and no significant increase in bacterial 

contamination was observed over the course of seven days. 

 

Four participants in this study donated breastmilk using both their own equipment and 

thermally disinfected equipment that was provided to the participants.  Three out of the 

four participants who used thermally disinfected equipment demonstrated lower 

CFU/mL counts (Figure 4.6 B, C, D).  One participant (Figure 4.6 A) recorded no 

detectable counts for the entire storage period, using either the thermally disinfected 

equipment or her own not thermally disinfected breastpump equipment.  One participant 

(Figure 4.6 D) using thermally disinfected equipment had results below the 1 x 105 

CFU/mL level required by milk banks for the entire seven day storage period, whereas 

when using her own equipment the counts were above the limit acceptable to milk 

banks. 
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Figure 4.5: Comparisons Between Shields Used: Thermally Disinfected and Not Thermally Disinfected.  
4 °C (A), RT (B) and 37 °C storage (C).  The line at 1x105 represents the milk bank limit for use or 
disposal of a sample.  *The use of thermally disinfected equipment showed significantly lower CFU/mL 
when stored at 4 °C (p<0.05), demonstrable for each storage day tested.  No significant difference was 
seen between using thermally disinfected equipment and not thermally disinfected equipment when the 
sample was stored at RT or 37 °C (p>0.05).  
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 Figure 4.6: Comparisons Between Mothers (A-D) Who Expressed Breastmilk Using a Breastpump and 
Provided Equipment and Their Own Breastpump and Equipment.   
The line at 1x105 represents the milk bank limit for use or disposal of a sample. 
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Bacteria Identified in Stored Breastmilk 

Bacteria representing several genera were recovered.  Most species isolated were 

bacteria considered to be part of the normal flora of the skin.  The most common 

species was Staphylococcus epidermidis.  A summary of the predominant organisms 

identified is shown in Table 4.1.  Oral flora, intestinal flora and some environmental 

organisms were also found, including those found in soil, food and water.  A full 

tabulation of the outcomes of tests performed in this study for microbial identification is 

given in Appendix I. 

 
Table 4.1: Predominant Organisms Identified in Stored Breastmilk.    

Predominant Organisms Identified in Stored Breastmilk 

Genus and Species 
 

Freq. of 
ID ID Method TD or 

NTD 
Origin 

(Lederberg, 2000; Garrity, 2001) 

Bacillus cereus 3/15 API/Cellular 
Fatty 
Acids/Sudan 
Black Spore 
Stain 
 

TD Ubiquitous in nature/ environmental. 
Opportunistic human pathogen. 

Chryseobacterium 
indologenes 

1/15 API NTD Found in dairy products, soil, water 
and human clinical specimens.  
Identified on sink faucets. 
 

Enterobacter cloacae 
 

1/15 Vitek NTD Normal intestinal flora. 

Escherichia coli 
 

1/15 API NTD Normal intestinal flora. 

Klebsiella oxytoca 1/15 Vitek NTD Normal intestinal flora. 

Kocuria rosea 1/15 API TD Found in soil and water and on human 
skin. 
 

Pseudomonas 
aeruginosa 

1/15 Vitek NTD Ubiquitous in nature/ environmental. 
 

Pseudomonas luteola 1/15 Vitek TD Ubiquitous in nature/ environmental. 
 

Serratia liquefaciens 
group 

2/15 Vitek TD, 
NTD 

Found in food, soil, water, plants and 
sewage. 
 

Staphlycoccus 
epidermidis 

12/15 API/Vitek/ 
Coagulase  
 

TD, 
NTD 

Normal skin flora. 

Streptococcus        
mitis 
 

3/15 API/Vitek TD Normal oral flora. 

Streptococcus  
oralis  
 

1/15 Vitek TD Normal oral flora. 

 

Key: 
TD: Thermally Disinfected 
NTD: Not Thermally Disinfected 
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Bacteria Identified on Breastpump Equipment 

Equipment swabs were taken from shields, bottles and tubing, to investigate possible 

links to the sources of the types of organisms identified in the breastmilk samples.  

Table 4.2 shows the range of bacteria found on breastpump equipment that had been 

thermally disinfected and not thermally disinfected.  Only two tubing apparatus were 

swabbed from the participants’ own equipment as this piece of equipment was not part 

of every breastpump owned by mothers and as such not available to test.  

 
Table 4.2: Predominant Organisms Identified on Breastpump Equipment. 

Predominant Organisms Identified on Breastpump Equipment 

Genus and 
Species 

 

TD or 
NTD ID Method Grade of 

Contamination 

Equipment 
Apparatus  

(Freq. of ID) 

Origin  
(Lederberg, 2000; 

Garrity, 2001) 

Acinetobacter 
baumannii 

NTD Vitek Low Shield (1/6) Ubiquitous in 
nature and hospital 
environment. 
 

Acinetobacter 
lwoffii 

NTD Vitek Low Bottle (1/6) 
 

Ubiquitous in 
nature and hospital 
environment. 
 

Bacillus cereus TD, 
NTD 

API/Cellular 
Fatty Acids, 
Sudan Black 
Spore Stain 

Low TD: Shield 
(2/5), Bottle 
(3/5) 
NTD: Bottle 
(2/6) 

Ubiquitous in 
nature/ 
environmental. 
Opportunistic 
human pathogen. 
 

Brevibacillus 
brevis 

NTD API, Cellular 
Fatty Acids 
 

Low Bottle (1/6) Ubiquitous in 
nature/ 
environmental. 

Enterobacter 
cloacae 
 

NTD API Medium Shield (1/6) Normal intestinal 
flora. 

Klebsiella 
pneumoniae spp 
pneumonia 
 

NTD Vitek, Indole 
Test 

Medium Shield (2/6) Normal intestinal 
flora. 

Serratia 
liquefaciens 
group 
 

NTD Vitek Low Tubing (1/2) Found in food, soil, 
water, plants and 
sewage. 

Staphylococcus 
epidermidis 
 

NTD Vitek, 
Coagulase  

Low Shield (1/6) Normal skin flora. 

Staphylococcus 
hominis spp 
hominis 

NTD Vitek, NOVO 
Antibiotic 
Test 

Low Shield (1/6) Normal skin flora. 

 

Key: 
TD: Thermally disinfected 
NTD: Not thermally disinfected 
Low: Primary inoculums only 
Medium: Primary and secondary inoculums 
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DISCUSSION 

Bacterial Contamination of Breastmilk Using Thermally and Non-Thermally 

Disinfected Equipment. 

A significant difference (p<0.05) in CFU/mL at 4 °C was found between mothers using 

thermally disinfected equipment and those using equipment cleaned in the home 

according to breastmilk bank and breastpump manufacturer guidelines (Figure 4.5).  

This is to be expected, as the cleaning mechanisms used in a hospital setting are such 

that non-spore forming bacteria are specifically eliminated; however this is the first 

study to describe such differences.  Other studies have shown bacterial counts on the 

day of collection ranging from 0 to 1.4 x 105 although counting was often ceased above 

1 x 105 CFU/mL (Larson et al., 1984; Sosa & Barness, 1987; Pardou et al., 1994).  

 

One participant in this study who donated with both thermally disinfected and her own 

user-cleaned equipment had no detectable CFU in her stored breastmilk at 4 °C (Figure 

4.6, A).  We observed that this participant’s cleaning routine was rigorous, where pump 

equipment was vigorously cleaned and rinsed with boiling water.  This highlights the 

fact that by using non-thermally disinfected equipment with careful cleaning routines 

mothers may be able to obtain an expressed breastmilk sample without apparent CFU 

presence.  

 

Appropriate Storage Conditions For Breastmilk. 

Results demonstrate that breastmilk can be stored, on average, for seven days at 4 °C 

without significant bacterial growth, whilst storage at RT and 37 °C showed a 

significant (p<0.05 and p<0.01 respectively) increase in bacteria within 24 hours 

(Figure 4.4).  At each 24-hour time point from the initial plating on the day of collection 

storage at 4 °C showed significantly lower CFU counts than milk stored at RT and 37 

°C (p<0.01).   

 

Commonly Identified Bacteria Found in Stored Breastmilk. 

The most frequently identified organism, S. epidermidis, is a prevalent organism found 

on skin (Chiller et al., 2001).  Three of the 10 mothers who used thermally disinfected 

equipment showed the presence of Bacillus cereus in breastmilk stored at RT and 37 °C 

only.  B. cereus can be associated with food poisoning and wound infections and may 
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be detected in foods where storage was inadequate (Granum & Lund, 1997; Lederberg, 

2000; Garrity, 2001; Stenfors Arnesan et al., 2007).  A solitary B. cereus outbreak was 

shown to be the cause of a systemic infections in a neonatal intensive care unit where 

the organism was found to be present on ventilation bags used for manual ventilation of 

neonates (Van Der Zwet et al., 2000).  This was an isolated case and similar scenarios 

have not been reported.  After taking swabs from the thermally disinfected equipment, 

B. cereus was identified on two out of five shields and three out of five bottles.  

B.cereus produces endospores capable of surviving heat treatment.  No tubing apparatus 

showed any B. cereus colony formation.  

 

Bacteria on mothers’ own equipment included environmental organisms such as those 

found in nature, hospital environments, food and water as well as normal skin and oral 

flora (Table 4.2).  The origin of these bacteria is likely from cleaning of equipment in 

food preparation areas or washrooms and may factor in contributing to overall bacterial 

load.  As the total numbers of bacteria in the group who used their own equipment was 

higher it suggests that the bacteria found on the mothers’ equipment may indeed be 

contributing to the total bacterial count in expressed breastmilk.  

 

Environmental organisms found in breastmilk samples collected with thermally 

disinfected equipment may originate from the skin of the mother if appropriate hand 

hygiene was not maintained during the expression.  Oral flora may transfer to the 

mother’s breast from the baby’s mouth during breastfeeding and transfer back to the 

milk during a following expression that may also contributes to the bacterial numbers 

found in breastmilk. 

 

Recommendations for Mothers Expressing and Storing Their Own Breastmilk for 

Healthy Term Infants. 

From results presented here it is recommended that most mothers can store breastmilk 

for up to seven days at 4 °C.  The results of this study will be of particular interest to 

health care workers and mothers in areas where access to a refrigerator is limited, 

especially where daytime temperatures are in excess of 22 to 26 °C, resulting in rapid 

increases in CFU/mL as seen here (Figure 4.4).     
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This study shows that the careful cleaning of breastpump equipment and appropriate 

hygiene is critical for preventing contamination with potentially harmful environmental 

pathogens.  As one of the participants in this study showed no identifiable bacteria in 

breastmilk when stored at 4 °C (Figure 4.6 A), through use of either her own or 

thermally disinfected equipment, this highlights that rigorous cleaning of equipment at 

home may preclude bacterial contaminants from breastmilk.  Some identified bacteria in 

breastmilk and on breastpump equipment are commonly identified in food, soil and 

water and on sink faucets (Lederberg, 2000; Garrity, 2001).  It may be suggested that 

mothers should utilise an area for cleaning breastpump equipment in the home away 

from food preparation and washing areas in order to prevent contaminants from bacteria 

residing in these areas from transferring to breastpump equipment and possibly into 

their breastmilk.  Alternatively the use of microwave based steam sterilisation methods 

may help to reduce the bacterial load in the expressed breastmilk. 

 

Recommendations for Breastmilk Banks and Neonatal Intensive Care Units. 

Milk banks often are forced to discard breastmilk donations when the CFU/mL prior to 

pasteurisation is above 1 x 105.  This study demonstrated that two out of 15 participants 

had CFU/mL counts above this limit on the day of collection.  As milk was transported 

from collection at RT and the first aliquoting and testing performed four hours later it 

can be predicted that immediately storing milk at 4 °C may be critical in reducing the 

increase in bacterial CFU/mL that occurs with RT storage.  Although not tested here, 

breastmilk is often routinely frozen (-20 °C) before donation to human milk banks to 

prevent bacterial growth. 

 

Although mothers do not have access to hospital-grade cleaning facilities at home, a 

prior study showed 8 out of 31 women whose breastmilk was expressed manually did 

not grow any bacteria at 4 °C (Sosa & Barness, 1987).  This study had mothers wash 

their hands with a textured surgical scrub and did not perform any special cleaning 

routine of the breast area (Sosa & Barness, 1987).  This current study recommended 

using a hand-washing routine of liquid soap and water for at least 30 seconds as well as 

alcohol gel for a safeguard during expression and found that six of 10 women using 

thermally disinfected equipment and one of five using their own equipment showed no 

bacterial growth over the storage period at 4 °C.  This suggest that our recommended 

hand-washing routine is comparable if not more effective than textured surgical scrubs 
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that were used by Sosa and Barness (Sosa & Barness, 1987).  Further, a study has 

shown a significant benefit from using alcohol gels to reduce the number of methicillin-

resistant Staphylococcus aureus infections in hospitals (MacDonald et al., 2004).  

Human milk banks may benefit from providing sterile breastpump equipment for 

mothers combined with immediate refrigeration or freezing of breastmilk in addition to 

the recommended hand-washing routine to obtain more samples with lower CFU/mL.  

Freezing breastmilk does however destroy the cellular component in breastmilk; 

therefore using fresh or refrigerated breastmilk would be preferred.  

 

We also recommend that mothers who are expressing their breastmilk for consumption 

by the premature infant are provided with sterilised equipment on a regular basis, or 

alternatively access to steam sterilisation equipment for the pump parts to be disinfected 

on a daily basis.  

 

Bacterial Content and the Implications for the Infant. 

It remains unclear what the implications of the bacterial load in breastmilk are to the 

breastfeeding infant.  Previous studies have shown that breastfeeding infants can 

consume about 8 x 104 to 8 x 106 commensal bacteria a day (Heikkila & Saris, 2003), 

with possible benefits to the development of the gut flora.  It has also been shown that 

the presence of commensal bacteria in breastmilk, including S. epidermidis, may inhibit 

the growth of the pathogenic strains such as S. aureus (Heikkila & Saris, 2003).   

 

Also to be considered is the hygiene hypothesis (Strachan, 1989).  A recommendation 

for stringent cleaning routines for hands and equipment to eliminate external 

contaminants when feeding a full-term infant may have uncertain consequences for later 

immunological development of the infant.  As such, in the case of the healthy full-term 

infant a simple recommendation for equipment to be cleaned separately to food 

preparation and bathroom areas may be appropriate thus eliminating potential harmful 

pathogens but not other commensal and less harmful environmental pathogens. 

 

Bacterial Content in Stored Breastmilk and Implications for Use in Mammary Gland 

Research 

When using breastmilk as a source of cells for mammary gland research, it is 

recommended that breastmilk be collected with thermally disinfected equipment and be 
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transported and stored at 4 °C until use.  This should limit the number of samples that 

are disposed of due to bacterial contamination in primary culture. 

 

Future Directions 

Some donations used in this study showed a decrease in CFU/mL to undetectable levels 

after a few days of storage at 4 °C (Figure 4.6, B, C).  It would be interesting to 

determine exactly what is causing this decline.  There may be a natural physiological 

difference in these breastmilk samples that has the ability to improve storage capacity or 

there may be specific antibacterial properties present.  Understanding these may lead to 

studies where the storage capacity of breastmilk with respect to bacterial content can be 

improved or additionally may benefit research and treatment into mastitis, which 

currently affects many breastfeeding women and is also highly problematic in the dairy 

industry.  

 

Further investigation into the cleaning of breastpump equipment should be investigated.  

Steam sterilisation could be tested utilising microwave steam bags and the number of 

CFU on the equipment determined both before and after sterilisation.  Additionally, 

randomised groups of mothers could be recruited and the use of various cleaning 

routines examined (for example: warm soap and water versus steam sterilisation) to 

determine the subsequent bacterial content in stored breastmilk.     

 

Conclusions. 

This novel study emphasises the need to clean breastpumps equipment away from 

kitchens and bathrooms.  It also reiterates that the current recommended hand-washing 

routines prior to breastmilk expression are sufficient.  Immediate storage at 4 °C, or -20 

°C for donations to milk banks, is recommended.  This work showed that expressed 

breastmilk could be stored for up to seven days at 4 °C without a significant increase in 

bacterial load above that on the day of collection. 
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CHAPTER 5: DEGREE OF FULLNESS AND 
APOPTOSIS OF CELLS FROM BREASTMILK 

 

INTRODUCTION 

Human breastmilk is a non-invasive source from which to obtain mammary cells.  As a 

woman expresses breastmilk, or when an infant is feeding, the lipid and cellular 

constituents of the breastmilk change over the duration of the expression or feed.  Fore-

milk, where a DoF score is near 1, is comprised of a lower proportion of lipids (Daly et 

al., 1993) whereas in hind-milk, where a DoF score is near 0, the lipid content is high.  

To date it is not known whether the degree of apoptosis changes between fore- and 

hind-milk.  Apoptosis is important in homeostasis and provides a balance between cell 

death and proliferation.  Apoptosis is also critical for normal shaping and structure of 

the mammary gland and also plays a critical role in involution where remodeling occurs 

to return the mammary gland to a non-lactating state (Furth et al., 1997; Sutherland et 

al., 2007).  The immune cells in the breastmilk also rely heavily on homeostasis so they 

can respond to an antigenic challenge should it arise (Van Parijs & Abbas, 1998).  

Lymphocytes undergo apoptosis in order to maintain homeostasis (Rathmell & 

Thompson, 2002).  By using the detection of JC-1 aggregates measured via FACS, this 

study will examine if early apoptotic signs of mitochondrial depolarisation can be 

detected in cells from breastmilk and determine if any changes exist with DoF.   

 

Aims 

• To detect and describe apoptosis in cells from breastmilk with varying DoF. 

• To provide a new method that can detect subtle changes in the physiology of the 

mammary gland that will benefit future studies. 

 

Methodology 

The flow chart below gives an outline of the methods used (Figure 5.1): 
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Figure 5.1: Outline for Methodology in Chapter 5. 

 

 RESULTS 

DoF and FACS analysis 

Ten mothers participated in this study, donating three sectioned breastmilk samples 

from one expression (fore-, mid- and hind-milk).  Two mothers only donated enough 

for fore- and hind-milk analysis, making a total of 28 breastmilk samples for 

comparison of DoF and early apoptosis.  Mothers were predominantly first time 

mothers and were between 26 and 37 years of age with a mean age of 31.9.  A summary 

of the participant data is shown in Table 5.1.     

  Data Analysed,        
Apoptosis   

Determined 

Creamatacrits 
Performed to 
Establish DoF 

Breastmilk 
Collected for DoF 

(n=10) 

Cells Isolated 
and Stained for 

JC-1 

Cells Analysed 
Using FACS 

Mothers to Have 
Performed 24-

hour Milk 
Production 
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Table 5.1: Participant Data for DoF Analysis 

Participant Parity Age 
1 
 

1 30 

2 
 

1 32 

3 
 

3 37 

4 
 

1 29 

5 
 

1 30 

6 
 

2 36 

7 
 

2 35 

8 
 

1 26 

9 
 

1 27 

10 
 

3 37 

 

 

Creamatacrits were performed and the DoF established for each sample.  DoF values 

were divided into five subgroups, with DoF groupings of 0-0.19, 0.2-0.39, 0.4-0.59, 0.6-

0.79 and 0.8-1.0.  0 represents a most empty breast and 1 represents a most full breast.  

Samples were processed for JC-1 mitochondrial depolarisation.  The instrument setting 

remained constant between participant samples.  Evaluation using FACS is stopped 

when the cell number analysed reaches 10 000 and a percentage of cells in various 

gated regions from these cells is established.  FACS analysis was performed using 

FlowJo software (FlowJo v.7.2.5, © TreeStar, Inc.).  Participant data with DoF and 

percentage of apoptosis is shown in Table 5.2 and examples of various FACS cell 

populations for JC-1 are shown in Figure 5.2 from three different women.  
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Table 5.2: Participant’s DoF and Corresponding Percentage Apoptosis. 
A) Participant data (n=10) showing DoF and corresponding percentage apoptosis measured with JC-1.  
B) Statistics from grouped DoF with range, median and SD of the participant data, showing the inter-
individual range that exists between participants.  Such a range highlights the need to gate each 
participant’s samples individually. 
   

Participant DoF of Samples DoF Grouping % Apoptosis 

1 
 

1 
0.52 
 
 

0.8-1 
0.4-0.59 
 
 

29.5 
15.9 
 

2 
 

0.578 
0.415 
0.38 
 

0.4-0.59 
0.4-0.59 
0.2-0.39 
 

1.44 
0.86 
1.41 

3 
 

0.495 
0.372 
0.239 
 

0.4-0.59 
0.2-0.39 
0.2-0.39 
 

1.1 
2.85 
3.59 

4 
 

0.397 
0.09 
 
 

0.2-0.39 
0-0.19 
 
 

11.1 
14 

5 
 

0.331 
0.04 
0 
 

0.2-0.39 
0-0.19 
0-0.19 
 

13.6 
21.7 
17.8 

6 
 

0.652 
0.151 
0.004 
 

0.6-0.79 
0-0.19 
0-0.19 
 

21.3 
31.3 
23.5 

7 
 

0.538 
0.408 
0.101 
 

0.4-0.59 
0.4-0.59 
0-0.19 
 

19.2 
10.7 
3.54 

8 
 

0.395 
0.222 
0.074 
 

0.2-0.39 
0.2-0.39 
0-0.19 
 

17.9 
20.93 
23.84 

9 
 

0.85 
0.027 
0 
 

0.8-1.0 
0-0.19 
0-0.19 
 

18.68 
22.9 
14.41 

10 
 

0.609 
0.492 
0.471 

0.6-0.79 
0.4-0.59 
0.5-0.59 

34.8 
22.1 
22.1 

 

DoF Group 0-0.19 0.2-0.39 0.4-0.59 0.6-0.79 0.8-1.0 
Range 3.540-31.300 1.410-20.930 0.8600-22.100 21.300-34.800 18.680-29.500 

Median 21.700 11.100 10.700 28.050 24.090 
SD 7.934 7.765 9.148 9.546 7.651 

 

B 

A 
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Figure 5.2: FACS Analysis Images for Breastmilk JC-1 Staining. 
Scatter plots for total cell population, based on forward scatter: the size of the cell and side scatter: the 
complexity of the cell (A, C, E).  The pink region gate encompasses the population of cells used for 
analyses, excluding very small particles likely to be debris and very large particles likely to be cell 
clumps.  Region gates for early JC-1 apoptosis (B, D, F) show the upper defined region in pink 
representing the alive cell population and the lower defined region representing the early apoptotic 
region.  This figure demonstrates the variation in cell populations between women and also highlights the 
need to gate participant samples individually. 
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It is evident to see the variation that exists between women with regards to the degree of 

apoptosis established (Table 5.2, B) and is also evident in the cell regions in Figure 5.2 

(A, C, E).  These FACS regions represent the total cell population based on cell size and 

cell density.  Cells outside the defined region are not considered part of the cell 

population, either due to the lack of or increased complexity or a too small or too large 

size.  Regions in the apoptotic graphs in Figure 5.2 (B, D, F) again show the difference 

between mothers with some participants showing a lot of cells in the apoptotic region 

(lower defined region) and those in the alive region (upper defined region). As each 

participants cell population was different, gating for each region was performed for 

each participant independently.   

 

Early Apoptosis Comparisons Between DoF Sub-groups 

The mean percentage of cells undergoing early apoptosis was established from FACS 

analysis and were combined with DoF ratings and compared.  Results from the percent 

of early apoptosis and DoF can be seen in Figure 5.3.   

  

 
Figure 5.3: Degree of Fullness and JC-1 Early Apoptosis Detection. 
Fore-milk is represented by DoF value near 1.  Hind-milk is represented by DoF values near 0.  Different 
superscripts represent significant difference between groups where p<0.05. 
 

From the results in Figure 5.3, it is clear that there is no significant linear change with 

DoF and early apoptosis.  However it appears that there may be a bi-phasic effect, 

  a 

  b   b 

  a 

   a 
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where fore-milk (DoF > 0.6) and hind-milk (DoF < 0.2) has higher levels of early 

apoptosis and mid-milk (DoF 0.2 to 0.6) is significantly lower (p<0.05). 

 

DISCUSSION 

DoF and Early Apoptosis 

There was a biphasic effect between DoF and apoptosis where fore-milk and hind-milk 

had significantly higher percentages of cells undergoing early apoptotic events of 

mitochondrial depolarisation (Figure 5.3).  The total percentage of cells undergoing 

early apoptosis was highest in samples with a DoF greater than 0.6 (fore-milk).  This is 

the first study to identify apoptosis in cells from breastmilk and to describe such a 

relationship between fore-, mid- and hind-milk samples.  

 

Early Apoptosis and Epithelial Cells From Fore-milk 

Epithelial cells suspended in breastmilk inside the mammary gland are no longer 

attached to the basement membrane, have no further identified function to the gland or 

infant and thus have no need to continue homeostasis; therefore the tendency to undergo 

physiological cell death is highly likely.  Chapter 3 explored the viability of cells during 

storage, including storage at 37 °C (body temperature) and showed that this temperature 

had the largest decrease in cell viability during the first 24 hours (Figure 3.4).  The cells 

that remain exfoliated from the gland between feeds are stored in the mammary gland in 

the milk at 37 °C for the longest periods and usually form the constituents of fore-milk 

due to the continued production of milk during this storage time.  It is believed that this 

period of storage will result in a decline in viability of the suspended cells and is 

reflected in the higher proportion of early apoptosis in fore-milk samples established in 

this chapter.  

 

Post-lactational involution requires apoptosis and tissue remodelling (Furth et al., 1997; 

Sutherland et al., 2007) and it is believed that milk accumulation in the alveolar lumen 

can lead to alveolar atrophy of cells still attached to the basement membrane by the 

activation of apoptosis (Philp et al., 1996; Li et al., 1997; Watson, 2006; Sutherland et 

al., 2007).  Additionally, contact of the epithelial cells to the basement membrane is 

critical for their survival (Streuli & Gilmore, 1999).  Thus cells suspended in the lumen 

of the alveolar for the longest periods without basement membrane contact will undergo 
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apoptosis.  During involution and apoptotic remodelling the phosphorylation of STAT5 

isoforms is sharply decreased (Lui et al., 1996).   Establishing whether this change in 

STAT5 is evident in cells from fore-milk compared to cells from mid- and hind-milk 

would help ascertain whether similar signalling pathways are responsible for apoptosis 

during daily fluctuation in cells from breastmilk with varying DoF.  

 

Early Apoptosis and Epithelial Cells From Hind-milk 

As cells are exfoliated from the gland during a breastfeed or expression it can be 

hypothesised that the cells in hind-milk have had more exfoliating strain on them than 

those in fore-milk.  Studies using mice have shown that high tidal volumes using 

mechanical ventilation resulted in stress on the lung alveolar cells and activated 

apoptosis via the Caspase-3 pathway (Le et al., 2008).  Le et al. (2008) also showed a 

significant increase in DNA fragmentation of the lung epithelial cells and hence 

apoptosis measure using a TUNEL assay when high tidal ventilation was used.  

Additionally, in vitro studies utilising fibroblasts bound with collagen in culture showed 

that magnetic fields used to apply tensile forces resulted in increase Caspase-3, DNA 

fragmentation measured via TUNEL and an increase in mitochondrial depolarisation as 

measured by JC-1 (Mak et al., 2008).  As shown by these studies, strain enforced on 

cells can lead to apoptotic events.  It can be postulated that because the cells present in 

hind-milk have had more exfoliating strain on them during an expression that this may 

lead to apoptosis in the cells.  This would explain the increase in the proportion of early 

apoptotic cells, albeit via different mechanisms as described for fore-milk that was seen 

in hind-milk in this study. 

 

Early Apoptosis and Immune Cells From Breastmilk 

It needs to be considered that the immune population may contribute to the apoptotic 

JC-1 detection seen here in this study.  The immune cells in breastmilk maintain 

homeostasis (Van Parijs & Abbas, 1998).  Lymphocyte homeostasis has been well 

defined (Rathmell & Thompson, 2002).  Studies using blood have shown that storage of 

platelets at 37 °C showed increased levels of apoptosis, with apoptotic markers evident 

at as early as three hours from initial storage (Bertino et al., 2003).  The investigation of 

storing blood and subsequent lymphocyte viability has demonstrated that storage at 37 

°C for increasing periods of time cause a loss of lymphocyte viability due to apoptosis 
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(Belloni et al., 2008).  The time that immune cells are suspended in the lumen of the 

mammary gland may vary and it is assumed that immune cells present in fore-milk have 

been suspended for the longest periods at 37 °C.  Thus it is hypothesised that immune 

cells in fore-milk may undergo apoptosis due to the length of time at 37 °C in the 

alveolar lumen, therefore contributing to the total apoptotic number in fore-milk that 

was seen in this current study. 

 

Immune cells in breastmilk do not rely on basement membrane attachment like 

epithelial cells and it is unclear if any further mechanisms would result in apoptosis of 

the immune cell population in breastmilk.  Monocytes grown under culture conditions 

have demonstrated to undergo apoptosis in the absence of survival signals or serum 

(Fahy et al., 1999).  Similar events may be occurring in the mammary gland, especially 

in fore-milk where immune cells are suspended for longer durations.  Therefore it is 

believed that apoptosis in cells from fore-milk is due to both epithelial and immune cell 

types whereas apoptosis in cells from hind-milk is due to predominantly epithelial cells.  

Separating epithelial and immune cell types and individual apoptotic analysis would 

establish if this is correct.  

 

Other Contributing Factors for Apoptotic Variation with Degree of Fullness 

There may be other inter-individual variations that can account for differences in 

apoptosis seen in this study.  A previous study has shown that Escherichia coli induced 

mastitis in cows led to a significant increase in apoptotic cell death in the gland and an 

increase in apoptotic marker Bax (Long et al., 2001).  In addition to an increase in 

apoptosis, Long et al. (2001) also showed an increase in proliferation in mastitic 

samples and postulated this to be due to the compensatory effect for the cell loss due to 

inflammation.  Macrophages have previously been shown to undergo apoptosis caused 

by bacterial infection of Shigella flexneri in the colon (Zychlinsky et al., 1992).  It is 

unclear whether other bacteria that may be present in the mammary gland during times 

of mastitis may also influence the apoptosis of non-epithelial cells like the 

macrophages.  Indeed, results in Chapter 3 and 4 have shown than macrophage-like cell 

numbers can increase in breastmilk with storage at 37 °C but declined in number when 

a corresponding bacterial content was significantly high.  This highlights that apoptosis 

and proliferation should be combined in future studies with samples from mothers with 

or without mastitis and epithelial and that immune cells should be analysed separately.   
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Other external factors may contribute to the variation in cell death profiles seen here.  

Differences in DNA damage of cells from human breastmilk as well as the effect of the 

genotoxic activity of the milk extracts and the effect this had on the donor’s epithelial 

cells have been examined (Martin et al., 2000).  Marti et al. (2000) found that DNA 

damage and genotoxic activity was highest in the five women of their study who were 

passive smokers.  As the sample size was small for this group of women, it cannot be 

concluded if this is indeed a factor in the apoptotic physiology of the cells in breastmilk.  

However it does highlight the fact that inter-individual variation can occur and that it 

may be due to other environmental factors that require further investigation.      

 

It is worth to approaching the differences in apoptosis from fore- and hind-milk from a 

different angle.  Interestingly, the cells in fore-milk may indeed be the remains of the 

last portion of hind-milk.  If so, the higher proportions of cells undergoing early 

apoptosis in fore-milk may be due to remaining hind milk cells which have had shearing 

forces applied from the previous expression.  This does raise the possibility that cells 

from fore-milk and hind-milk actually undergo apoptosis by the same mechanism of 

shear forces, but are just removed at different times.  This hypothesis may be difficult to 

prove, but the notion is worth consideration. 

 

Future Directions 

Further examination of apoptotic pathways would show if indeed the early apoptotic 

events that were seen here follow through to late apoptotic events.  For example late 

apoptotic marker Caspase-3 could be investigated in the cells as DoF changes.  As 

described previously, there seems to be different markers for the initiation of apoptosis, 

for example STAT5 and Bax and it would be interesting to see if this and other 

molecular signalling differs between fore- and hind-milk.  In addition, measurement 

into cellular proliferation should also be considered.  

 

FACS analysis used here was not able to establish total viable cells/mL as counting 

ceased when 10 000 cells were analysed.  In further studies it would be of interest to 

compare total cells/mL and viable cells/mL with the degree of apoptosis.  
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The separation of immune cells and epithelial cells from breastmilk and subsequent 

apoptotic detection with DoF would establish what cell types are contributing to the 

levels of apoptosis seen here in this study.  This could be done through the use of 

magnetic bead separation.  Monoclonal antibodies specific to particular immune cells 

(eg CD4, CD8) can be conjugated to magnetic beads and incubated with isolated cells 

from breastmilk.  The suspension of cells and beads is then placed on a magnet causing 

the magnetic beads and immune cells joined to them to pull to the bottom of the tube, 

allowing separation of epithelial and immune cells.  This technique has been used with 

cells from breastmilk previously (Sabbaj et al., 2002).  

 

Establishing a more rigorous profile of donors and any impacting environmental factors 

may lead to ascertaining any further differences between mothers.  Of particular interest 

would be the comparisons between smokers, non-smokers and passive smokers and the 

proportion of DNA damage in their cells isolated from breastmilk.  This research would 

be important as it would reveal how much impact smoking has be on the cellular 

content in breastmilk and could even lead the way to providing stricter regulations 

regarding smoking in public places where breastfeeding women may be affected.  

Establishing differences between mothers currently diagnosed with mastitis, with a 

record of previous mastitis and those never diagnosed will also show if results from 

studies performed in the dairy industry are similar to that of breastfeeding mothers.   

 

Additionally, determining the differential success of DoF fractioned breastmilk in 

primary culture would show the effect that the degree of apoptosis in cells has on the 

success rate of these cultures.  If success rate mirrors apoptotic percentages that were 

seen here with fore- and hind-milk having the highest proportion of cells undergoing 

apoptosis, it could be that cells isolated from mid-milk are the most successful for 

growth in primary culture.  Further experiments trialling the success in culture of cells 

from fore-, mid- and hind-milk would confirm this statement.   

 

Conclusions 

As DoF changes from a full breast to an empty breast early apoptosis appears to follow 

a biphasic pattern, with fore- and hind-milk having higher degrees of early apoptosis 

compared to mid-milk.  Based upon previous studies, it appears that the mechanisms 

leading to apoptosis in fore-milk may be different to those leading to apoptosis in hind-



______________________________________________________________________ 

Chapter 5: Degree of Fullness and Apoptosis of Cells From Breastmilk____________________________________________ 126 

milk.  Fore-milk may undergo apoptosis in the epithelial cells due to continued storage 

in the mammary gland between feeds and the lack of attachment to the basement 

membrane, or may be due to accumulated milk leading to atrophy of the cells that are 

still attached to the basement membrane.  Apoptosis in hind-milk is hypothesised to be 

due to more exposure to shear forces on epithelial cells resulting in the initiation of 

apoptosis.  Additionally, apoptosis in the immune cells is believed to contribute to fore-

milk samples only.  This original work describes apoptosis in cell from breastmilk as 

DoF changes and describes possible mechanisms involved in creating these differences. 
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CHAPTER 6: CHARACTERISATION OF THE WNT 
PATHWAY IN CELLS FROM BREASTMILK 

 

INTRODUCTION 

The Wnt pathway is vital for the development of the normal mammary gland including 

embryonic development, lobule and alveolar development and is also involved in 

maintaining the epithelial population by providing cell survival signals (Tepera et al., 

2003; Chu et al., 2004).  Ductal branching and increased alveolar development in the 

mammary gland results from an increase in Wnt10B expression (Lane & Leder, 1997).  

In murine studies, Wnt1 and Wnt3A are known to show a high efficiency of 

morphological transformation when transfected into the C57MG murine cell line (Wong 

et al., 1994).  The study performed by Wong et al. (1994) concluded that Wnt1 and 

Wnt3A were involved in the normal growth regulation and differentiation of mammary 

tissue.  Thus it is believed that Wnt signalling is involved in the division and survival of 

mammary lobule and alveolar progenitor cells (Liu et al., 2004).  It is unknown what 

the expression of the Wnt family members are in the normal human mammary gland.  

sFRP4, an antagonist of the Wnt pathway, has recently been shown to be  involved in 

reduction of proliferation and an increase in apoptosis (Maganga et al., 2008) and 

characterisation in the mammary gland is limited.    

 

This chapter will investigate Wnt signalling components in the mammary gland at the 

terminally differentiated state of lactation, utilising cells from breastmilk.  Cells isolated 

from breastmilk and cells from breastmilk grown in primary cultures will be used and 

expression of components from the Wnt signalling pathway: Wnt1, Wnt3A, Wnt10B, β-

Catenin and sFRP4 will be characterised.  

 

Aims 

• To determine the differential expression of Wnt1, Wnt3A, Wnt10B, sFRP4 and β-

Catenin in cells isolated from breastmilk and primary cultures of cells from breastmilk. 

• To establish whether primary culture samples have the same or different expression 

profiles compared to cells from breastmilk. 

• To establish a potential role of Wnt components and sFRP4 in the normal human 

mammary gland. 
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Methodology 

The outline of methods used for this chapter is given in the flow chart below: 

 
Figure 6.1: Outline for Methodology in Chapter 6. 

 

RESULTS 

Sample Acquisition and Growth of Primary Cultures 

Breastmilk donations were collected and cells isolated as previously described in 

Isolation of Cells From Breastmilk, pg 45.  Cells were either utilised immediately for 

extraction of RNA and protein, or were grown in primary culture.  Primary cultures 

took between 10 and 25 days to grow to an acceptable colony number for extraction of 

RNA and protein (80 % confluence in T75 culture flasks).  In this study, five primary 

culture samples were used from different mothers.  Primary culture 1, took 25 days to 

reach 80 % confluence, culture 2: 21 days, culture 3: 14 days, culture 4: 17 days and 

culture 5: 10 days.  Examples of colony growth of cells from breastmilk in culture are 

shown in Figure 6.2. 
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Figure 6.2: Primary Cultures of Cells Isolated From Breastmilk,  
(A) Colony formation after three to five days in culture and (B) more confluent colony formation after 
approximately 12 to 15 days in culture.  10x magnification. 
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qPCR Analysis 

Five samples of cells isolated straight from breastmilk and five primary culture samples 

were used (n=10 total samples).  RNA was extracted from cells and the integrity 

measured via a Nanodrop and by running five µL on a 1.5 % agarose gel (Figure 6.3). 

 

 
 

 
Figure 6.3: RNA Quality on a 1.5% Agarose Gel. 
Visualisation of clear 28s and 18s ribosomal bands represents good quality RNA. 
 

Identification of ribosomal RNA bands 28s and 18s represented good quality RNA.  

RNA that showed degradation by RNases, as visualised by unclear band definition, 

were not included in qPCR analysis. 

 

Good quality RNA was reverse transcribed into cDNA and qPCR performed for Wnt1, 

Wnt3A, Wnt10B, sFRP4 and β-Catenin.  Sequencing for each of the qPCRs was 

performed initially to confirm that the correct product was being amplified with the 

primers (see Appendix II for sequencing results).  Relative expression was determined 

by dividing the expression of the gene of interest by the housekeeping gene L19.  The 

relative expression profile and melt curve for the qPCRs that were performed on the 

cells from breastmilk and primary culture samples are shown in Figures 6.4 to 6.8 

inclusive.  In Figure 6.4 to 6.8, graph A represents the relative expression of all the 

samples testes, graph B represents the grouped cells from breastmilk and primary 

cultures expression and image C shows the melt curve from the qPCR where a single 

melt peak represents a single amplified product.  

 

Cells Isolated From Breastmilk Primary Cultures of Cells From Breastmilk 

28s 

18s 

1 2 3 4 5 1 2 3 4 5 
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Figure 6.4: Wnt1 qPCR Analysis in Cells From Breastmilk and Primary Cultures. 
(A) Relative expression for each sample tested, (B) grouped relative expression analysis between cells 
isolated straight from breastmilk and primary cultures and (C) Wnt1 melt curve.  CFB = cells from 
breastmilk, PC = primary cultures of cells from breastmilk. Different superscripts represent significant 
difference between groups where p<0.05. 
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Figure 6.5: Wnt3A qPCR Analysis in Cells From Breastmilk and Primary Cultures. 
(A) Relative expression for each sample tested, (B) grouped relative expression analysis between cells 
isolated straight from breastmilk and primary cultures and (C) Wnt3A melt curve.  CFB = cells from 
breastmilk, PC = primary cultures of cells from breastmilk. Different superscripts represent significant 
difference between groups where p<0.05. 
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Figure 6.6: Wnt10B qPCR Analysis in Cells From Breastmilk and Primary Cultures. 
(A) Relative expression for each sample tested, (B) grouped relative expression analysis between cells 
isolated straight from breastmilk and primary cultures and (C) Wnt10B melt curve.  CFB = cells from 
breastmilk, PC = primary cultures of cells from breastmilk. Different superscripts represent significant 
difference between groups where p<0.05. 
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Figure 6.7: sFRP4 qPCR Analysis in Cells From Breastmilk and Primary Cultures. 
(A) Relative expression for each sample tested, (B) grouped relative expression analysis between cells 
isolated straight from breastmilk and primary cultures and (C) sFRP4 melt curve.  CFB = cells from 
breastmilk, PC = primary cultures of cells from breastmilk. Different superscripts represent significant 
difference between groups where p<0.05. 
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Figure 6.8: β-Catenin qPCR Analysis in Cells From Breastmilk and Primary Cultures. 
(A) Relative expression for each sample tested, (B) grouped relative expression analysis between cells 
isolated straight from breastmilk and primary cultures and (C) β-Catenin melt curve.  CFB = cells from 
breastmilk, PC = primary cultures of cells from breastmilk. Different superscripts represent significant 
difference between groups where p<0.05. 
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For each qPCR performed, there was variable expression seen between different 

samples of cells isolated straight from breastmilk, as well as those grown in primary 

culture.  In Figure 6.4 it can be seen that cells from breastmilk significantly express 

Wnt1 stronger than primary cultures.  Alternatively primary cultures significantly 

expressed Wnt3A, Wnt10B, sFRP4 and β-Catenin stronger than cells isolated straight 

from breastmilk (Figures 6.5 to 6.8).  Interestingly, it appears that there is an inverse 

relationship between Wnt10B mRNA expression and sFRP4 and also β-Catenin mRNA 

expression and sFRP4. 

 

Western Blot Analysis 

Protein was extracted from the same five cells from breastmilk sample and five primary 

culture samples analysed using qPCR.  Western blot was performed on the 10 samples 

for the available antibodies Wnt1, sFRP4 and β-Catenin.  β-Actin western blot was 

performed on the same protein samples to account for loading.  Immunoblots for the 

western blots are shown in Figure 6.9 and 6.10 below.  

                    

 
 

 
Figure 6.9: Western Immunoblot Photograph for Wnt1 and β-Catenin. 
Housekeeping antibody β-Actin was used to quantify relative expression and showed good expression. 
 

                  
 

 
Figure 6.10: Western Immunoblot Photograph for sFRP4 and Positive Control. 
sFRP4 showed no detectable expression using western blot.  β-Actin was detected and the positive 
control HaCat cell line showed good expression. 
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Wnt1 and β-Catenin expression was detected in primary cultures.  β-Catenin was 

detected in two of the five cells from breastmilk samples.  No Wnt1 was observed in 

cells isolated from breastmilk.  Further no detectable sFRP4 expression was seen in 

either cell type tested here.  

 

The relative expression of the Wnt1 and β-Catenin immunoblots was quantified against 

β-Actin to establish the variable expression among samples.  Each sample is shown 

individually (Figures 6.11A and 6.12A) and then samples of cells from breastmilk and 

primary cultures of cells from breastmilk are analysed as a group (Figure 6.11B and 

6.12B). 
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Figure 6.11: Protein Analysis for Wnt1 in Cells from Breastmilk and Primary Cultures. 
(A) Wnt1 relative protein expression for each sample tested and (B) grouped samples Wnt1 protein 
expression.  CFB = cells from breastmilk, PC = primary cultures of cells from breastmilk. Different 
superscripts represent significant difference between groups where p<0.05. 
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Figure 6.12: Protein Analysis for β-Catenin in Cells from Breastmilk and Primary Cultures. 
(A) β-Catenin relative protein expression for each sample tested and (B) grouped samples β-Catenin 
expression.  CFB = cells from breastmilk, PC = primary cultures of cells from breastmilk. Different 
superscripts represent significant difference between groups where p<0.05. 
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As shown in Figure 6.11 and 6.12, Wnt1 and β-Catenin protein expression was 

significantly stronger in primary cultures cells compared to cells isolated from 

breastmilk (p<0.05).   

 

DISCUSSION 

Wnt Expression in Cells Isolated from Breastmilk 

Cells isolated from breastmilk represent the heterogeneous epithelial and immune cell 

population of the lactating mammary gland.  Here, Wnt pathway components Wnt1, 

Wnt3A, Wnt10B and β-Catenin were identified in cells from breastmilk at mRNA 

levels for the first time (Figure 6.4-6.6).  As the Wnt components investigated here were 

all shown to be expressed in cells from breastmilk and based on their previous roles 

regarding lobule development, ductal branching and cell maintenance it can be assumed 

that they continue to play a role in the maintenance of the human lactating mammary 

gland.  However as the samples are from different mothers at various stages of lactation 

that ultimately have different combinations of epithelial and immune cell proportions it 

remains unclear if these factors impact the variable Wnt mRNA expression.  

 

In this chapter, three out of the five cell populations from breastmilk showed detectable 

levels of sFRP4 at the mRNA level (Figure 6.7).  This could be attributed to the 

population of cells that are undergoing apoptosis.  Results presented in Chapter 5 

showed that up to 35% of the population of cells from breastmilk are undergoing early 

apoptosis at the time of collection.  sFRP4 is known to play a role in apoptosis during 

ovulation (Drake et al., 2003), during murine lactation involution (Lacher et al., 2003) 

and has anti-proliferative effects (Carmon & Loose, 2008; Maganga et al., 2008).  As 

the levels of sFRP4 were variable and from results presented in Chapter 5 it is known 

that apoptosis can vary with DoF, it would be interesting to determine if sFRP4 was 

variable with DoF while establishing relative apoptosis.   

 

For western blot analysis of cells from breastmilk no detectable levels of Wnt1 or 

sFRP4 were seen with only weak expression of β-Catenin in two out of the five samples 

(Figure 6.9-6.10).  As mRNA was seen for all Wnt pathway components and protein 

expression of β-Actin was present, it was surprising to find that Wnt1 and sFRP4 

protein expression was almost completely absent in cells from breastmilk.  Looking 

further into other work involving protein analysis using breastmilk, a study by 
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Murakami et al. (1998) using the whey component of human milk found that major 

milk proteins made by the lactocytes of the mammary gland including α-lactalbumin, 

lactoferrin and secretory immunglobulin-A (IgA) overshadowed the expression of 

minor milk proteins (Murakami et al., 1998).  To identify the minor milk proteins 

Murakami et al. (1998) used immunoabsorbants to block out the major proteins and 

found identification of minor proteins more successful.  As these major milk proteins 

are secreted by the cells that are isolated from breastmilk it is possible that the reduction 

or absence of the Wnt pathway components tested here may be due to overwhelming 

expression of more major milk proteins as described previously.  Future studies would 

take this into account when utilising cells from breastmilk for western blot analysis.     

 

It is important to note that cells from breastmilk are heterogeneous and vary from 

mother to mother and with the stage of lactation.  Immune cells make up a significant 

proportion of the cells in breastmilk.  At parturition immune cells comprise up to 99 % 

of the total cell count and at six months lactation immune cells comprise approximately 

8 % of the total cell count (Ho et al., 1979; Brooker, 1980).  These immune cell 

populations may contribute to the signalling that was seen here in this study but as 

immune cells and epithelial cells were not separated it is unknown what impact the 

immune cell expression had on the total expression.  An increase in Wnt expression at 

an earlier lactational stage where there are more immune cells present could be 

postulated to be due to the immune population and the high turnover of these cells that 

is required, rather than the epithelial population.  What the immune cell population 

requires from Wnt signalling remains to be elucidated and further studies would look at 

separating the immune cells from the epithelial cells prior to determining expression to 

determine if variation exists.  Also, it can be postulated that some of the Wnt mRNA 

and protein expression would also vary between mothers and stage of lactation.  Indeed, 

as involution of the mammary gland occurs there is more apoptotic activity and it may 

be that those mothers at a later stage of lactation would show higher expression of 

sFRP4 that is known to play a role apoptosis due to involution (Lacher et al., 2003).  

Further research establishing this would confirm any variation. 

  

Wnt Expression in Primary Cultures of Cells from Breastmilk 

Primary cultures of cells isolated from breastmilk are a non-invasive source of cells to 

study the physiology of normal mammary gland.  Primary cultures of cells isolated from 
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breastmilk comprise both differentiated and non-differentiated cells.  Studies have 

shown that primary cultures from isolated breastmilk cells express CK5: a putative 

mammary stem cell marker, CK14: a differentiated myoepithelial marker and CK18: a 

differentiated secretory epithelial cell marker (Cregan et al., 2007).  Based on this study 

it is assumed that the primary cultures utilised in this chapter would be comprised of 

both differentiated mature epithelial cells and non-differentiated putative mammary 

stem cells.  

 

Results presented here revealed that Wnt1, Wnt3A, Wnt10B, β-Catenin and sFRP4 

were all expressed in the primary cultures at the mRNA level (Figure 6.4-6.8).  For the 

antibodies tested, primary cultures showed protein expression of Wnt1 and β-Catenin 

only (Figure 6.9).  This is the first known study to demonstrate Wnt expression in cells 

from breastmilk as well as cells from breastmilk grown in primary culture.  sFRP4 

protein expression in primary cultures was not detected.  Often mRNA and protein 

levels are regulated independently and western blot analyses will only reveal whether 

the epitote for the antibody tested here that the particular antibody recognises is present.  

Thus it may be that the sFRP4 epitote is not recognised in primary cultures of cells 

isolated from breastmilk.  There are currently no other suitable antibodies for the 

detection of sFRP4 protein expression.  

 

mRNA expression between the primary culture samples varied the most when 

compared with the time taken to reach 80 % confluence.  Wnt10B and β-Catenin 

mRNA showed higher expression in cultures that reached confluence within shorter 

durations.  In contrast sFRP4 and Wnt3A showed the strongest expression in cultures 

that took longer to reach 80 % confluence (21-25 days).  However, it is to be noted that 

the sample size for this study is small and expanding it would indicate if these results 

are a true reflection of growth of cells from breastmilk in culture. 

 

Wnt3A has been shown to play a role in self-renewal of human embryonic stem cells 

(Hay et al., 2008).  Additionally, treatment of murine embryonic stem cell with Wnt3A 

in combination with bone morphogenic protein-4 significantly enhanced cellular 

proliferation (Lin et al., 2008).  A recent study also found Wnt3A and β-Catenin to be 

expressed in the basal layer of the epidermis, sweat glands and hair follicles, implying a 

role in development of the human skin (Jia et al., 2008).  Further investigation by Jia et 

al. (2008) using in vitro techniques revealed that Wnt3A promoted proliferation of 
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human epidermal skin cells but had an inhibitory effect on differentiation – confirming 

the anti-differential effect and importance for stem cell self renewal found by others 

(Davison et al., 2007; Hay et al., 2008; Jia et al., 2008).  With these studies in mind and 

the confirmed proliferative and self-renewal properties of Wnt3A it may be suggested 

that these cells in primary culture are utilising Wnt3A similarly to assist in proliferation 

and self-renewal of the stem cell population resulting in slower overall growth and 

longer time to reach confluence.   

 

Wnt10B expression was strongest in primary cultures that reached 80 % confluence in 

the shortest duration.  Previously, treatment of murine derived epithelial cells in culture 

with Wnt10B was able to significantly increase differentiation and additionally was able 

to display a significant positive impact on the rate of hair shaft length (Ouji et al., 

2008).  As high Wnt10B mRNA expression in this study corresponded with the fastest 

growth in culture it can be hypothesised that Wnt10B might be impacting the 

differentiation and growth of the cells isolated from breastmilk grown in primary 

culture. 

 

sFRP4 demonstrated strongest expression in cultures that took the longest to reach 80 % 

confluence, similarly to Wnt3A expression.  sFRP4 treatment has recently shown to 

cause a decline in proliferation in a dose dependant manner, as well as showing a 

significant increase in apoptosis with treatment (Maganga et al., 2008).  Additionally, 

sFRP4 has been shown to inhibit Wnt7A mediated proliferation in endometrial cancer 

cells and over-expression of sFRP4 was able to reduce cancer growth in vitro (Carmon 

& Loose, 2008).  This role of sFRP4 combined with the self-renewing role of Wnt3A 

would explain why these particular primary cultures had a slower overall growth rate.  

However, it has been recently established that sFRP4 can abrogate Wnt3A effects 

(Constantinou et al., 2008) and it is unclear whether the inverse effect is playing a role 

here.  Treatments of the primary cultures of cells from breastmilk with sFRP4 or 

Wnt3A would confirm this. 

 

It was revealed in this study that there appears to be an inverse relationship between 

mRNA Wnt10B and sFRP4 and also mRNA β-Catenin and sFRP4 of primary culture 

samples.  In the western blot data β-Catenin showed strong expression in primary 

cultures and sFRP4 showed no expression.  Studies have found an inverse relationship 

between β-Catenin expression and sFRP4 in human colorectal cancer (Feng Han et al., 
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2006).  Others have shown that sFRP4 can modulate the response of Wnt3A treatment 

in murine cell lines (Constantinou et al., 2008).  The inverse relationships that were 

seen here with Wnt10/β-Catenin and sFRP4 suggest that in addition to modulating 

Wnt3A expression as shown by others, sFRP4 may also modulate Wnt10B and hence β-

Catenin.  Further experiments utilising treatments with Wnt1B and/or sFRP4 in primary 

cultures would establish this statement.  

 

Comparisons Between Cells from Breastmilk and Primary Cultures 

Wnt3A, Wnt10B, sFRP4 and β-Catenin mRNA and Wnt1 and β-Catenin protein 

expression in primary cultures derived from breastmilk cells showed significantly 

increased expression compared to the cells from breastmilk.  Cells from breastmilk are 

comprised of immune cells, epithelial cells and putative mammary stem cells and as 

such may influence the lower expression compared to primary cultures.  Also results 

from Chapter 5 suggest that approximately 35 % of the population of cell isolated 

straight from breastmilk is undergoing early apoptosis which would also influence the 

expression of genes, particularly those involved in cell proliferation and growth like the 

Wnt components examined here.  As other studies have shown that primary cultures 

isolated from breastmilk can differentiate into more mature epithelial cell types (Cregan 

et al., 2007) and the Wnts detected in primary cultures in this study are known to be 

involved in proliferation, differentiation and growth, it would explain why a higher 

expression profile was seen in primary culture compared to cells isolated straight from 

breastmilk.  Additionally, only certain cells will grow in primary cultures of cells 

isolated from breastmilk. If the cells that differentiate and proliferate in culture are 

selected because of their differentiative and proliferative potential it may be that the 

expression of Wnt components like Wnt3A and Wnt10B are dependant on their 

selection, leading to increased expression of cultured cells. 

 

In contrast, it was of interest to observe higher Wnt1 expression in cells from breastmilk 

compared to primary cultures at the mRNA level.  It was surprising to see that the 

primary cultures which are comprised of proliferating and differentiating cells had 

lower Wnt1 expression than cells from breastmilk at the mRNA level.  As the protein 

level for Wnt1 was not detected in cells from breastmilk samples, which may be due to 

blocking by larger major milk proteins (Murakami et al., 1998), it is unknown whether 

the effect transcribes from mRNA to protein.  At this stage it cannot be confirmed 
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whether the increase in mRNA Wnt1 in cells form breastmilk is significant against 

primary cultures.  However the expression of primary culture Wnt1 protein suggests a 

potential role in differentiation and cell division in the normal mammary gland.  In 

order to clarify this anomaly, further studies would look at an increased sample size, as 

well and various alternatives for protein determination including additional western 

antibodies and the incorporation of ELISA assays.   

 

Wnt Signalling and Possible Links to Maternal Milk Production 

There was evidence that the expression of the Wnt components tested here varied 

between mothers.  A previous study utilising mice has shown that the Wnt pathway and 

more specifically Wnt4, leads to more favourable maternal performance, measured by 

increased lobule and ductal branching, increased milk secretion and increased litter 

weights (Ramanathan et al., 2008).  As Wnt1, Wnt3A and Wnt10B are known to be 

involved in mammary growth and differentiation and were expressed in cells from 

breastmilk in this study, it is possible that the Wnts studied could also be predictive 

markers of successful maternal performance.  Though not examined here it would be of 

interest to see whether those women with higher Wnt1, Wnt3A or Wnt10B expression 

show increased milk productions and have increased ductal and lobule branching that 

the study by Ramanathan (2008) described as indicators of favourable maternal 

performance.    

 

Implications for Lactation and Mammary Gland Biology  

The successful utilisation of cells from breastmilk and growth in primary culture here 

reveals a strong model for non-invasive use of breastmilk to study the human mammary 

gland and more specifically opens up the possibility to use primary cultures of cells 

from breastmilk as a differentiation model.  Also the non-invasive acquisition and non-

immortalised state of the primary cultures of cells from breastmilk provides a potential 

normal model for comparative use in mammary gland biology including breast cancer 

biology.        

 

Future Research 

To further define protein expression of cells from breastmilk, immunoabsorbtion as 

utilised by Murakami et al. (1998) would confirm the translational role of Wnt pathway 
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components or alternatively would prove if cells from breastmilk are simply not 

translating the mRNA message into protein.    

 

As mentioned previously, other studies have shown that the Wnt pathway is responsible 

for favourable maternal performance (Ramanathan et al., 2008).  In order to establish 

whether this is indeed true for Wnt1, Wnt3A, Wnt10B and β-Catenin in human 

lactation, 24-hour milk productions and subsequent Wnt expression could be analysed.  

Simultaneously, as sFRP4 is known to be involved in apoptosis (Drake et al., 2003; 

Maganga et al., 2008) and was expressed higher in primary cultures that took longer to 

reach confluence, it could be investigated whether sFRP4 expression has negative 

impacts on maternal performance.  

 

As the growth of primary cultures has been postulated to represent a good 

differentiation model for in vitro use, it could be further explored whether indeed this 

model is successful.  Further analysis into the differentiation, proliferation and 

apoptosis of these primary cultures would be advantageous – further defining the 

capabilities for the use as a normal mammary control cell model. 

 

To further explore the effects of the Wnt components tested here, studies involving 

over-expression of the Wnt components and measurement of subsequent differentiation 

and colony growth would further establish their role.  As there appeared to be an inverse 

relationship between Wnt10B/β-Catenin and sFRP4, further studies that would confirm 

any modulating effect of sFRP4 would be beneficial.  For example cells over-

expressing Wnt10B could be treated with sFRP4 and subsequent differentiation, 

proliferation and apoptosis could be measured.  Over-expression of Wnt10B may lead 

to faster growth of primary cultures.  Over-expressing Wnt3A may assist in propagation 

of stem cells in culture of cells from breastmilk and should be considered in future 

investigations that wish to specifically target this population. 

 

As sFRP4 seems to play a role in apoptosis of the mammary gland and slower growth 

times in culture, studies involving silencing of sFRP4 and resultant cell culture growth 

could identify a mechanism to increase cell numbers in culture within shorter time 

frames. This mechanism could be translated to other areas of study where regulation of 

cell number is critical, for example autoimmune diseases and cancer. 
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Lastly, it is important to note that these cultures were grown on plastic in two 

dimensions.  If the cells were to be transferred to a three dimensional extracellular 

matirix like Matigel, the behaviour of the cells may indeed change and perhaps be more 

indicative of true mammary epithelial cells.  Thus including studies involving 

extracellular matix growth of cells from breastmilk and subsequent Wnt expression 

would be beneficial. 

 

Conclusions 

The novel results show that components of the Wnt pathway: Wnt1, Wnt3A, Wnt10B 

and β-Catenin are expressed in the human mammary gland utilising cells from 

breastmilk.  Due to the differentiative and proliferative roles of the Wnt components in 

recent studies and the defined differentiative ability of primary cultures of cells from 

breastmilk by others, it is postulated that the Wnt pathway components tested here play 

similar roles in differentiation and proliferation of cells from the mammary gland.  Due 

to previously established apoptotic roles in ovulation and murine lactational involution 

and previous work presented in Chapter 5 where up to 35 % of the cells from 

breastmilk are undergoing apoptosis, the observed presence of sFRP4 seen here may be 

attenuated to a role in apoptosis during human lactation and may influence colony 

growth rates of cells from breastmilk in primary cultures. 

 

It is possible to utilise cells from breastmilk for immediate molecular comparisons 

between women and shows potential for future studies wishing to look at molecular 

comparisons over the length of lactation, with DoF or amongst other variables.  The use 

of primary cultures isolated from breastmilk presents a potential non-invasive, non-

immortalised model for the physiology of the normal mammary gland that can be used 

for in vitro studies investigating the normal regulation of mammary cells or can be used 

as a control for studies investigating breast cancer.  Further investigation into the 

characteristics of these primary cultures will confirm its suitability. 
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CHAPTER 7: CHARACTERISATION OF THE WNT 
PATHWAY IN BREAST CANCER CELL LINES 

 

INTRODUCTION 

The epithelial cells that make up the milk ducts and alveolar are common sites for 

malignant transformation in the mammary gland (Mallon et al., 2000).  Breast cancer is 

the most frequently diagnosed reproductive cancer for women ((AIHW) & (AACR) 

2004).  The estrogen receptor status of breast cancers plays a major part in the cancer’s 

progression (Massarweh & Schiff, 2006) often affecting the regulation of gene 

expression. 

 

There are numerous pathways that impact the progression of breast cancer, including 

the Wnt signalling pathway (Bui et al., 1997; Brown, 2001; Ugolini et al., 2001; Benhaj 

et al., 2006; Schlange et al., 2007).  As described previously in the Chapter 1, Wnt 

binds to the Fz trans-membrane receptor resulting in a cascade of events leading to β-

Catenin accumulation, translocation to the nucleus and activation of the cell cycle.  Wnt 

signalling is known to play a role in cancer, including breast ovarian, prostate, bladder, 

non-small cell lung cancer and chronic lymphatic leukaemia (Boerboom et al., 2005; 

Benhaj et al., 2006; Urakami et al., 2006; Chim et al., 2008; Huang et al., 2008; Wang 

et al., 2008). 

 

Previous studies have shown that Wnt3A, Wnt4, Wnt6, Wnt8B, Wnt9A and Wnt10B 

are up-regulated in some breast cancer cells lines and breast carcinomas (Bui et al., 

1997; Benhaj et al., 2006).  Previous studies and results shown in Chapter 6 have 

demonstrated that Wnt signalling, including Wnt1, Wnt3A and Wnt10B could be 

involved in the normal regulation and development of the mammary gland (Wong et al., 

1994; Lui et al., 1996; Lane & Leder, 1997; Chu et al., 2004).  Further analysis of these 

Wnts in different cell lines will help clarify their role in breast cancer.  

 

sFRP4 is an antagonist of the Wnt pathway and has been linked to apoptosis (Drake et 

al., 2003; Hewitt et al., 2006; Maganga et al., 2008), however it has also demonstrated 

increased in expression in colorectal tumour tissue and ovarian tumour tissue (Drake, 

2006; Feng Han et al., 2006).  To date there are limited studies that have addressed the 

relative expression of sFRP4 in breast cancer cell lines. 
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Aims 

• To determine the differential expression of Wnt1, Wnt3A, Wnt10B and β-Catenin 

in the immortalised normal mammary epithelial cell line MCF10A and immortalised 

breast cancer cell lines MCF7, MDA-MB-231, MDA-MB-468 and BT-549. 

• To establish the role of sFRP4 in breast cancer cell lines. 

• To establish whether ER status can influence Wnt signalling.  

• To provide new potential options for cancer therapeutics.  

 

Methodology 

The methods used for this chapter are outlined in the flow chart below: 

 

 
Figure 7.1: Outline for Methodology in Chapter 7. 

 

 

RESULTS 

Sample Acquisition 

Breast cancer cell lines MCF7, MDA-MB-231, MDA-MB-468 and BT-549 and normal 

immortalised mammary cell line MCF10A were grown in cell culture flasks and RNA 

and protein extracted for qPCR and western blot analysis of Wnt pathway components. 

 

qPCR Analysis 

RNA was extracted from the cell lines.  Initially the RNA quality was determined on a 

Nanodrop and by running five µL of RNA on a 1.5 % agarose gel (Figure 7.2).  

Identification of ribosomal RNA bands 28s and 18s represented good quality RNA.  

RNA that showed degradation by RNases, as visualised by unclear band definition, 

were not included in qPCR analysis. 

 

qPCR and 
Western Blots 

Performed 

Immortalised 
Mammary Cell 
Lines Grown 

RNA/Protein 
Extracted (n=3 
each cell line) 
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Figure 7.2: RNA Quality on 1.5% Agarose Gel. 
Visualisation of clear 28s and 18s ribosomal bands represents good quality RNA. 
 

Good quality RNA was converted into cDNA and qPCR performed for Wnt1, Wnt3A, 

Wnt10B, sFRP4 and β-Catenin.  Sequencing for each of the qPCRs was performed 

previously in Chapter 6 and as such was not repeated again for the same primer 

sequences.  Relative expression was determined by dividing the acquired expression by 

that of the housekeeping gene L19.  Melt curves and relative expression of the cDNA 

divided by L19 are represented graphically in Figure 7.3 to 7.7 inclusive. 

MCF10A MCF7 BT549 MDA-      
MB-231 

MDA-    
MB-468 
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Figure 7.3: Wnt1 qPCR Analysis in Breast Cancer Cell Lines.   
(A) Relative expression analysed against L19 data, (B) melt curve. Different superscripts represent 
significant difference between groups where p<0.05. 
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Figure 7.4: Wnt3A qPCR Analysis in Breast Cancer Cell Lines.   
(A) Relative expression analysed against L19 data, (B) melt curve. Different superscripts represent 
significant difference between groups where p<0.05. 
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Figure 7.5: Wnt10B qPCR Analysis in Breast Cancer Cell Lines.   
(A) Relative expression analysed against L19 data, (B) melt curve. Different superscripts represent 
significant difference between groups where p<0.05. 
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Figure 7.6: sFRP4 qPCR Analysis in Breast Cancer Cell Lines.   
(A) Relative expression analysed against L19 data, (B) melt curve. Different superscripts represent 
significant difference between groups where p<0.05. 
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Figure 7.7: β-Catenin qPCR Analysis in Breast Cancer Cell Lines. 
(A) Relative expression analysed against L19 data, (B) melt curve. Different superscripts represent 
significant difference between groups where p<0.05. 
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qPCR results showed variable expression between cell lines.  Wnt1 was only expressed 

in MDA-MB-231 and MDA-MB-468 cell lines.  Wnt3A was expressed in all cell lines 

relatively weakly, with MDA-MB-468 demonstrating the strongest expression.  

Wnt10B was also expressed in all cell lines with BT-549 cell line showing relatively 

stronger expression.  sFRP4 was only expressed in MDA-MB-231 and BT-549 cell 

lines.  β-Catenin was expressed in all cell lines, with MDA-MB-231 showing the 

highest expression level, however no significance was seen between the samples.  

 

Western Blot Analysis 

Western blot was performed on all the cell lines for available antibodies Wnt1, sFRP4 

and β-Catenin and were normalised against β-Actin.  The immunoblots and graphical 

representation of the protein levels relative to β-Actin are displayed in Figure 7.8 and 

7.9. 

 
 

 

 

 
Figure 7.8: Protein Immunoblots for Breast Cancer Cell Lines. 
Representative immunoblot photographs for Wnt1, sFRP4, β-Catenin and housekeeping antibody β-
Actin.   
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Figure 7.9: Protein Analysis in Breast Cancer Cell Lines. 
Relative expression of Wnt1 (A), sFRP4 (B) and β-Catenin (C), divided by expression of housekeeping 
protein β-Actin. Different superscripts represent significant difference between groups where p<0.05. 
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Western blot analysis confirmed with mRNA expression that both MDA-MB-231 and 

MDA-MB-468 expressed Wnt1.  Western blot also confirmed with mRNA analysis that 

sFRP4 was expressed in cell lines MDA-MB-231 and BT-549.  Additionally Western 

blot expression of sFRP4 was seen in MCF10A cells, which was not seen at the mRNA 

level.  Western blot of β-Catenin showed that all cell lines expressed the protein, with 

expression being the highest in MDA-MB-468 cells, followed by MCF10A, BT-549 

and lastly MCF7 and MDA-MB-231.  

 

DISCUSSION 

Wnt Pathway Components in Breast Cancer Cell Lines 

Wnts are frequently reported to play a role in breast cancer (Bui et al., 1997; Brennan & 

Brown, 2004; Ayyanan et al., 2006; Benhaj et al., 2006; Lindvall et al., 2006; Prasad et 

al., 2007; Schlange et al., 2007), although the relationship between Wnt1, Wnt3A, 

Wnt10B, β-Catenin and sFRP4 is unknown.  Previous research with RT-PCR has 

demonstrated that Wnt3A and Wnt10B are expressed in some breast cancer cell lines, 

including MDA-MB-468, MDA-MB-453, MCF-7, T-47-D, BT-20 and BT-474 (Benhaj 

et al., 2006).  Findings from this current study using additional cell lines and a more 

sensitive technique of quantitative PCR, confirm that Wnt1 was expressed in MDA-

MB-231 and MDA-MB-468 cell lines (Figure 7.3, 7.8-7.9).  Wnt1 was not expressed in 

MCF7 cells, which has also been confirmed by Benhaj et al. (2006).  Others have 

shown that Wnt1 can be detected by western Blot in MCF7 cell (He et al., 2004) 

however their study used a custom made antibody that was raised against a synthetic 

peptide that additionally has a different epitote.  Therefore it is difficult to conclude on 

the differences in expression seen in this current study and work performed by others 

(He et al., 2004; Benhaj et al., 2006).  Wnt3A was expressed strongly in MDA-MB-468 

and BT-549 cell lines and weakly in MCF10A, MCF-7 and MDA-MB-231 cells (Figure 

7.4).  Wnt10B was expressed strongly in BT-549 and additionally expressed at 

moderate levels in MCF10A, MCF7, MDA-MB-231 and MDA-MB-468 cell lines 

(Figure 7.5).  β-Catenin was expressed in all cell lines (Figure 7.7-7.9). 

 

Positive Wnt signalling is vital for lobule and alveolar development in the mammary 

gland (Tepera et al., 2003; Liu et al., 2005) and as described in Chapter 6, is expressed 

in the normal human lactating mammary gland.  The cell lines used here were of 

epithelial origin from the alveolar (glandular, adenocarcinoma) and ductal regions of the 
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breast.  Breast cancer predominantly occurs from the epithelial cells in the mammary 

gland (Mallon et al., 2000).  Wnt1, Wnt3A and Wnt10B were also more highly 

expressed in breast cancer cell lines compared to normal mammary epithelial cell line 

MCF10A.  Together this suggests that in addition to providing lobule and alveolar 

development, up-regulated Wnt1, Wnt3A, Wnt10B and therefore β-Catenin expression 

demonstrated here may be either involved in the progression of, or result from a more 

aberrant mammary epithelial phenotype.   

 

Role of sFRP4 in Breast Cancer 

sFRP4 expression was not detected in three out of the five cell lines, MCF10A, MCF7 

and MDA-MB-468 at the mRNA level (Figure 7.6) and two out of the five cells line, 

MCF7 and MDA-MB-468 at the protein level (Figure 7.8-7.9).  Other recent studies 

have also shown a lack of sFRP4 in MCF7 cells (He et al., 2005).  MCF10A normal 

mammary cell line showed different expression in qPCR and western blot analysis and 

no other cell lines demonstrated this pattern.  It is unclear why sFRP4 mRNA was not 

detected and protein expression was detected.  Further research would look at 

identifying different areas of the mRNA to design primers that would amplify other 

regions to further confirm these findings.  It remains uncertain if the differences seen in 

MCF10A cells here were because it was the only normal mammary cell line tested.  

Studying more normal mammary cell lines would help confirm if the difference in 

expression is standard in all immortalised mammary cell lines from non-cancerous 

tissues.  For example MCF10F and other immortalised cell lines derived from reduction 

mammoplasties could be used.    

 

sFRP4 has been shown to be frequently methylated in mesotheliomas, non small cell 

lung cancers and colon cancers (He et al., 2005).  sFRP4 methylation may be playing a 

role in the cells lines here and as a result accounts for the lack of expression.  He et al. 

(2005) also showed that by silencing sFRP4 in mesothelioma, they were able to up-

regulate Wnt activity and by re-introducing sFRP4 to sFPR4-silenced cells they were 

able to initiate apoptosis.  It is postulated that cells lacking sFRP4 expression in this 

study may have been methylated and cells expressing sFRP4 may be doing so as a 

compensatory effect to initiate apoptosis. 
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Recently there has been a link between sFRP4 and Wnt3A in the mouse mammary 

gland, where sFRP4 was able to reduce the effect of Wnt3A induced β-Catenin 

activation (Constantinou et al., 2008).  In this current study the strongest expression of 

sFRP4 was seen in MDA-MB-231 cells which corresponded with the weakest 

expression of Wnt3A confirming with Constantinou et al. (2008) that sFRP4 may 

interact with and can possibly inhibit Wnt3A in human breast cancer.  

 

sFRP4 showed no inverse relationship with β-Catenin.  Other research has shown that 

there is a relationship between β-Catenin and sFRP4 in colorectal cancer (Feng Han et 

al., 2006).  Previous results in Chapter 6 showed that there appeared to be an inverse 

relationship between sFRP4 and β-Catenin in normal mammary cells from breastmilk 

grown in primary culture.  The absence of this trend here suggests that sFRP4 and β-

Catenin relationships may change from normal tissue to aberrant tissue.  There are 19 

Wnts that could possibly cause the activation of β-Catenin, so even if sFRP4 does 

interact with Wnt3A and hence β-Catenin, other Wnt members that are up-regulated can 

continue to drive β-Catenin expression – leading to no observed relationship in breast 

cancer tissue between sFRP4 and β-Catenin.  

 

Wnt Pathway Components and ER Status  

MCF7 is an ER positive cell line.  Positive Wnt signalling did not appear to 

significantly increase in MCF7 cells compared to other cell lines and in the case of 

Wnt1, was not detectable.  Therefore it appears that in this study there is no correlation 

between ER status and Wnt signalling leading to the conclusion that the Wnt pathway 

may act independently of ER activity.  A study addressing Wnt2, Wnt3, Wnt3A, Wnt4, 

Wnt7A and Wnt7B expression in breast cancer cell lines also showed no association 

with ER and the only cell lines that expressed Wnt3 were ER negative (Huguet et al., 

1994).  Conversely the expression of Wnt1 mRNA has been reported to increase with β-

estradiol treatment of MCF7 cells (Katoh, 2003) however their study did not discuss 

results that showed the lack of Wnt1 expression in MCF7 cells without β-estradiol 

treatment.  Recently a study utilising ER positive cell line MCF7 showed that estrogen 

treatment significantly up-regulated cyclin D1 and c-myc mRNA expression (Boulay et 

al., 2008).  As cyclin D1 and c-myc are downstream components of the Wnt pathway, it 

confirms with Katoh (2003) that the addition of estrogens to ER positive cell lines can 

cause and increase in Wnt expression.  These studies indicate that even though some 
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Wnt components did not appear to correlate with the ER status of cell lines tested in this 

current study, that the sensitivity of Wnt signalling in ER positive breast cancer cells 

exists with hormonal influence.  Further confirmation between Wnt and ER status will 

be explored in Chapter 8 using breast cancer tissue microarray sections and patient data. 

 

Future Directions 

Silencing of Wnt members in breast cancer cells lines and measurement of subsequent 

cell cycle progression and cell division would enable a more in depth view into how the 

Wnts interact in breast cancer.  Similarly, over-expression of sFRP4 in breast cancer 

cells lines and subsequent Wnt expression would establish which other Wnts besides 

Wnt3A are interacting specifically with sFRP4.  In conjunction with sFRP4 over-

expression, comparative analysis of apoptotic cell death would be of interest to 

determine whether the apoptotic role of sFRP4 as shown by others is also evident in 

breast cancer cell lines.  

 

Future studies would also involve looking at the hormonal influence of β-estradiol on 

Wnt expression, utilising in vitro cell culture models and cells lines including MCF7, 

MDA-MB-231, MDA-MB-468, BT-549, DU4475, DU145 BT20 and T-470.  This 

could be done in conjunction with over-expressed sFRP4, or with Wnt-silenced breast 

cancer cell lines including ER positive cell line MCF7.   

 

Additional studies would also include investigation with other members of the sFRP 

family: sFRP1, sFRP2, sFRP3 and sFRP5, which could help establish if any other 

correlations exist between Wnt members and sFRP members.  Also, establishing 

receptor expression of the Fz and other downstream Wnt pathway components like 

APC, TCF and LEF and cell cycle regulators cyclin D1 and c-myc would be of 

particular interest to further characterise the Wnt pathway in breast cancer cell lines.  

The effect of these components before and after in vitro chemotherapy doses would 

help establish the role of the Wnt pathway in therapeutic treatment.   

 

Conclusions 

Wnt1, Wnt3A and Wnt10B were expressed in breast cancer cell lines examined here 

and appear to be expressed stronger than in normal cell line MCF10A.  These genes 

reveal possible options for breast cancer therapeutics.  Based on results observed here 
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and work by other, sFRP4 has been postulated to play an antagonistic role with Wnt3A.  

sFRP4 is considered to be involved in inhibiting Wnt signalling and may do so by 

upholding its apoptotic role.  This study shows no significant correlation between Wnt 

signalling and ER status in breast cancer, however this may be due to the lack of 

hormonal influence of the cells in culture.   
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CHAPTER 8: WNT1, sFRP4, β-CATENIN AND 
APOPTOSIS IN BREAST CANCER TMAs 

 

INTRODUCTION 

Breast cancer is the most commonly diagnosed reproductive cancer in women and the 

second most frequent cause of cancer-related deaths ((AIHW) & (AACR) 2004).  The 

Wnt pathway is known to be involved in normal development and cancer of the 

mammary gland (Huguet et al., 1994; Lui et al., 1996; Bui et al., 1997; Lane & Leder, 

1997; Tepera et al., 2003; Chu et al., 2004; Ayyanan et al., 2006; Benhaj et al., 2006).  

Breast cancer can be diagnosed as a non-invasive type, for example DCIS and LCIS, 

where the tumour tissue has not invaded past the ductal or lobular walls.  Alternatively 

breast cancer can be of the invasive type, where the tumour has invaded past the ductal 

and lobular walls and infiltrates the mammary gland or surrounding organs and lymph 

nodes.  These more invasive phenotypes of breast cancer are often associated with 

poorer prognosis.  Understanding the molecular characteristics that differ between non-

invasive and invasive breast cancer will give insight into potential molecular options for 

the treatment of more invasive tumour type.   

 

The Wnt pathway has been shown to play a role in breast cancer, however its role with 

tumour invasiveness is unknown.  As such the examination of the Wnt pathway and any 

involvement in a more invasive phenotype of breast cancer should be established.  Wnt1 

is a member of the Wnt pathway that is well defined as being up-regulated in breast 

cancer.  High β-Catenin levels have been detected in various cancers (Gamallo et al., 

1999; Teuliere et al., 2005; Feng Han et al., 2006).  The expression of Wnt1 and β-

Catenin with tumour invasiveness has not been elucidated in breast cancer.  sFRP4, an 

antagonist of the Wnt pathway and a recognised player in apoptosis, has also not been 

characterised with varying breast cancer invasiveness.  Although sFRP4 has shown to 

have an apoptotic role (Drake et al., 2003; Maganga et al., 2008), it has also been 

demonstrated to be up-regulated in cancer (Drake, 2006; Feng Han et al., 2006).  In 

addition, the establishment of sFRP4 expression in breast cancer of non-invasive and 

invasive phenotypes should also be investigated, along with apoptosis quantification. 

 

This final chapter further explore the Wnt signalling components in breast cancer by 

utilising TMAs.  Additionally, physiology of the tissue is determined using TUNEL 
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detection of apoptotic cells.  The data will then be compared to patient data available 

with each core from the tissue microarray.  Amongst the patient data collected at the 

time of surgery is the ER status of the tumour cells and proportions of ER positive cells.  

Correlation between the expression of Wnt pathway components and ER status will also 

be established.  

 

Aims 

• To determine if Wnt1 and β-Catenin expression increases with more invasive 

tumour types in breast cancer TMAs. 

• To determine if sFPR4 is absent or present when Wnt1 and β-Catenin are expressed 

in breast cancer TMAs. 

• Establish any correlations between Wnt1, β-Catenin and sFRP4 in breast cancer.  

• To establish the degree of apoptotic physiology, measured via TUNEL staining in 

breast cancer using TMAs. 

• Using TMAs, establish whether the ER status plays a role in Wnt signalling in 

breast cancer. 

• To determine if they have a role for Wnt and sFRP4 in breast cancer. 

• Identify potential options for future research and/or therapeutics. 

 

Methodology 

An outline of the methods used is given in Figure 8.1: 

 

 
 

Figure 8.1: Outline for Methodology in Chapter 8. 
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RESULTS 

TMA Staining 

A TMA section consisting of 191 tissue cores was stained for Wnt1, sFRP4, β-Catenin, 

TUNEL as well as a negative control with no antibody counterstained with 

haematoxylin.  The whole slide stains can be seen in Figure 8.2.  Brown DAB staining 

represents positive staining for the particular antibody used and it is evident from the 

slides shown below that there is differential staining present between sample cores.  

 

      
  

      
   

 
Figure 8.2:  TMA Whole Slide Sections. 
A) Negative control, B) Wnt1 stain, C) sFRP4 stain, D) β-Catenin stain and E) TUNEL stain.  
Differential staining between cores is evident without magnification. 
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Tumour Grouping 

Each tumour from the TMA had different pathologies.  Pathologies of each core were 

available with the TMA from the WARTN.  Tumours were grouped into either normal, 

non-invasive (including DCIS and LCIS) or invasive tissue groups for comparisons.  Of 

the 191 cores analysed, 62 were invasive tissue type, 75 were non invasive (DCIS, 

LCIS) and 54 were normal non-malignant adjacent tissue.  A core example of each of 

the groups is given in Figure 8.3.   

 

Grading of TMAs 

Grading was performed based on a numerical scale where 0 represented no expression, 

1 represented weak expression, 2 represented moderate expression and 3 represented 

strong expression.  As grading was very critically assessed for each core, the method 

was not repeated.  Some cores did not withstand the sectioning and staining procedures 

or were mostly adipose tissue and could not be analysed accurately.  Of the 191 cores 

analysed, approximately 50 cores from each slide were inappropriate for analysis due to 

insufficient tissue structure.    

 

Photographs of the differential staining of Wnt1, sFRP4 and β-Catenin are shown in 

Figures 8.4 to 8.7 and include an image of the no primary antibody control.  Wnt1 

expression was localised to the cytoplasmic regions of the epithelial cells (Figure 8.4).  

sFRP4 showed various expression levels in the cytoplasm of the epithelial cells (Figure 

8.5).  β-Catenin was expressed in the cytoplasm of the epithelial cells only in the 

membrane region (cytoplasmic membranous expression, Figure 8.6).  Of particular 

interest was the evidence of sFRP4 staining in the stromal regions, including 

lymphocytes and in endothelial cells of blood vessels (Figure 8.7). 
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Figure 8.3: Examples of TMA Core Grouping. 
A) Normal breast tissue showing normal ductal structures (arrow), B) non-invasive breast tumour 
showing that the tumour does not infiltrate past the ductal wall (arrow) and C) invasive breast tumour 
where tumour cells have infiltrated beyond the ductal wall and into the surrounding stroma (arrow).  
Stained with haematoxylin.  Tumour cells have enlarged nuclei.  
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Figure 8.4: Wnt1 Staining in Breast Cancer TMAs. 
(A) Weak expression of Wnt1, (B) moderate expression of Wnt1, (C) strong expression of Wnt1 and inset 
(D) demonstrating no-primary antibody control.  Wnt1 showed cytoplasmic staining patterns in the 
epithelial cells. 
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Figure 8.5: sFRP4 Staining in Breast Cancer TMAs. 
(A) Weak expression of sFRP4 in the epithelial cells, with high stromal expression, (B) moderate 
expression of sFRP4 in epithelial cells, (C) strong expression of sFRP4 in epithelial cells and inset (D) 
demonstrating no-primary antibody control.  sFRP4 showed cytoplasmic expression patterns in the 
epithelial cells.   
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Figure 8.6: β-Catenin Staining in Breast Cancer TMAs.   
(A) Weak expression of β-Catenin, (B) moderate expression of β-Catenin, (C) strong expression of β-
Catenin and inset (D) demonstrating no-primary antibody control.  β-Catenin showed cytoplasmic 
membranous staining patterns in the epithelial cells.       
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Figure 8.7: sFRP4 Expression in Stromal Regions and Blood Vessels in Breat Cancer TMAs. 
(A) Strong sFRP4 stromal pattern staining, mostly in lymphocyte cells (red arrows).  (B) Strong sFRP4 
staining pattern in blood vessels (blue arrows), with some lymphocyte staining.   
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TMA Staining and Tumour Type Comparisons 

Figures 8.8 shows the staining intensity for Wnt1 and β-Catenin in epithelial cells 

amongst various tumour types.  Figure 8.9 shows the staining intensity of sFRP4 

amongst various breast tumour types in epithelial cells, stromal regions and blood 

vessels. 

 

  

 
 

Figure 8.8: Grading of Wnt1 and β-Catenin Staining Intensities in Breast Cancer TMAs. 
(A) Wnt1 in epithelial cells and (B) β-Catenin in epithelial cells. Different superscripts represent 
significant difference between groups where p<0.05. 
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Figure 8.9: Grading of sFRP4 Staining Intensities in Breast Cancer TMAs. 
 (A) sFRP4 in epithelial cells, (B) sFRP4 in stromal regions and (C) sFRP4 in blood vessels. Different 
superscripts represent significant difference between groups where p<0.05. 
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Correlations Between Wnt Pathway Proteins 

To establish if there was any correlation between Wnt pathway proteins examined here, 

correlations between epithelial Wnt1 and sFRP4, epithelial Wnt1 and β-Catenin, 

epithelial sFRP4 and β-Catenin, sFRP4 in blood vessels/stoma and Wnt1 and sFRP4 in 

blood vessels/stroma and β-Catenin were examined (Figure 8.10). 

 

  

  

  

 
 
Figure 8.10: Correlations Between Wnt Pathway Component Staining in Breast Cancer TMAs. 
(A) Epithelial Wnt1 and sFRP4, (B) epithelial Wnt1 and β-Catenin and (C) epithelial β-Catenin and 
sFRP4, (D) epithelial Wnt1 and sFRP4 in blood vessels, (E) epithelial β-Catenin and sFRP4 in blood 
vessels, (F) epithelial Wnt1 and stromal sFRP4 and (G) epithelial β-Catenin and stromal sFRP4.  No 
significant correlation was seen between any of the groups (p>0.05). 
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As shown in Figure 8.10, there was no significant correlation between any of the Wnt 

components: Wnt1, β-Catenin and sFRP4 (either epithelial, stromal or expression in the 

blood vessels). 

 

TUNEL Staining on Breast Cancer TMAs 

A TMA slide was then stained for apoptotic cells using a TUNEL kit.  Positive 

apoptotic cells were confirmed if brown DAB staining was present and the morphology 

of the cells resembled typical apoptotic cells, with features such as nuclear 

condensation, blebbing or the formation of apoptotic bodies.  Results between the 

groups were analysed based on the total number of apoptotic cells per tissue core (or 

0.785mm2) so as not to introduce any bias by excluding adipose regions etc.  Figure 

8.11 shows typical identification of TUNEL positive cells based on positive staining 

and apoptotic morphology. 
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Figure 8.11: TUNEL staining of Breast Cancer TMAs. 
TUNEL positive cells (arrows) stain brown and have typical apoptotic morphology, including a 
condensed nucleus and the formation of apoptotic bodies. 
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The number of apoptotic cells were analysed among normal, non-invasive and invasive 

tumour tissue cores.  Results from the TUNEL analysis are shown in Figure 8.12. 

 

 

 
Figure 8.12: Number of TUNEL Positive Cells in Whole TMA Cores. 
TUNEL positive cells were measured as total positive cells per tissue core.  Different superscripts 
represent significant difference between groups where p<0.05. 
 

Figure 8.12 demonstrated that there are significantly more apoptotic cells per core in 

tumour samples compared to normal breast tissue and there was also significantly more 

apoptotic cells per core in invasive breast tissue compared to non-invasive breast tissue. 

 

Estrogen Receptor and Wnt Signalling in TMAs 

ER status from all the TMA cores was available from WARTN.  ER status was 

measured by the percentage of total ER positive cells and the percentage of strong ER 

positive cells from the breast tumour.  These were compared against Wnt1, sFRP4 and 

β-Catenin epithelial expression to determine if the expression of Wnt components was 

correlated to ER status and whether there was a difference between invasive and non-

invasive breast tumour types.  No significant correlation was seen (results displayed in 

Appendix III). 
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DISCUSSION 

Breast Cancer TMA and Wnt1 Expression 

Wnt1 staining in the breast cancer TMAs showed typical cytoplasmic staining (Figure 

8.4).  It is well established that Wnt1 is involved in breast cancer (Brown, 2001) and a 

correlation also exists in this work.  Wnt1 expression was seen in both normal and 

tumour tissue types.  However this study has revealed that Wnt1 expression does not 

differ with breast cancer invasiveness, showing that Wnt1 plays a role in a breast 

tumour phenotype but not with a more advanced disease state.  

 

Breast Cancer TMA and β-Catenin Expression 

β-Catenin is known to be involved in both normal mammary gland function and is 

typically over-expressed in cancers.  β-Catenin accumulates in the cytoplasm during 

positive Wnt signalling, where it then translocates to the nucleus to activate cell cycle 

genes.  β-Catenin expression was detected in both normal and cancerous tissue and in 

this study β-Catenin took on a cytoplasmic membranous staining pattern (Figure 8.6).  

Other studies have shown β-Catenin to exhibit cytoplasmic membranous staining in 

prostate and colorectal cancer cells (Hovey et al., 2002; Feng Han et al., 2006).  Loss of 

β-Catenin expression on the cytoplasmic membrane has previously associated with 

aggressive breast tumours (Prasad et al., 2007).  Contrary to this exclusive membranous 

staining of β-Catenin represented poorer prognosis of endometrioid carcinomas 

(Gamallo et al., 1999).  The role of β-Catenin here remains unclear and may be 

attenuated to other roles for β-Catenin such as cell adhesion.  The Catenin association 

with Cadherins such as E-Cadherin is critical for cell adhesion and any changes in the 

Catenin molecules can lead to tumour aggression (Okegawa et al., 2004).  Thus the role 

of β-Catenin in this current study may be attenuated to cell adhesion.  

 

Breast Cancer TMA and sFRP4 Expression 

sFRP4 is know to have an apoptotic role (Drake et al., 2003; Maganga et al., 2008), 

however it has been revealed to be up-regulated in colorectal cancer (Feng Han et al., 

2006).  This is thought to be due to a counter-acting effect.  In this current study sFRP4 

expression was localised to the cytoplasmic region of epithelial cells (Figure 8.5).  

Furthermore this study demonstrated that in addition to the epithelial component, sFRP4 
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exhibited expression in blood vessels and stromal regions including lymphocyte 

staining (Figure 8.7).  This is the first known identification of sFRP4 staining within 

blood vessels and stromal regions of breast cancer and more so, the first known 

identification in any cancer tissue.  Recently sFRP2 was shown to be expressed in 

vascular cells of breast cancer (Bhati et al., 2008).  Current studies have shown sFRP4 

to have an anti-angiogenic role (Dharmarajan et al., 2008).  It is possible that the 

increased sFRP4 expression seen here in blood vessels of tumour tissue is an attempt to 

counteract formation of blood vessels and could be a cellular mechanism to inhibit 

angiogenesis.   

 

It has been reviewed that the involvement of the immune cells in tumours can be either 

tumour promoting or tumour rejecting.  Natural killer cells can be recruited to restrain 

tumour growth and contrarily tumour associated macrophages can secrete growth 

factors and cytokines that can promote tumour growth (Balkwill & Mantovani, 2001; 

DeNardo & Coussens, 2007).  Recently, there has been a positive association found 

with tumour infiltrating macrophages and vascular endothelial growth factor (VEGF) 

secretion that assists in angiogenesis in tumours (Barbera-Guillem et al., 2002).  This 

suggests that there is an association between the immune cells in the stroma and blood 

vessel formation.  As sFRP4 was expressed in the immune cells of the stromal regions 

of breast cancer tissue and blood vessels in this current study it further confirms that 

sFRP4 could be playing a role in angiogenesis and tumour growth.  Taking into account 

the established anti-angiogenic abilities of sFRP4 described above (Dharmarajan et al., 

2008) it is postulated that the role of sFRP4 is compensatory and tumour inhibiting.  

 

Correlations Between Expression of Wnt Pathway Components 

Others have shown that there is a relationship between sFRP4 and β-Catenin in 

colorectal cancer (Feng Han et al., 2006). Interestingly, increased sFRP4 expression has 

also been associated with increased membranous β-Catenin expression (Horvath et al., 

2007).  However in this study there was no correlation between any of the Wnt pathway 

components analysed (Figure 8.10), perhaps reflecting that correlations may be tissue 

specific or that other Wnt components not tested here have a more significant 

correlation with these members. 
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Correlations Between of Wnt Pathway Components and Breast Pathologies 

It was investigated whether there was also any correlation between the breast tumour 

type and subsequent Wnt pathway component expression.  Wnt1 was observed to be 

significantly increased in breast tumours compared to normal tissue, however it showed 

no significant difference between invasive and non-invasive tumour types (Figure 8.8 

A).  Epithelial β-Catenin and sFRP4 also revealed no significant difference between 

tumour types and also between normal and tumour tissue (Figure 8.8 B, 8.9 A).  sFRP4 

in stromal regions and blood vessels demonstrated significantly stronger expression in 

tumour tissue compared to normal tissue but did not show any difference between 

invasive and non-invasive tumour types (Figure 8.9 B, C).  These results conform with 

the already established notion that Wnt1 is up-regulated in breast cancer, however this 

study reveals that it is not involved with a more invasive breast tumour type.  Similarly 

this is the first study to demonstrate stromal and blood vessel expression of sFRP4 is 

increased in breast cancer however, as described previously, its role in these cells is 

unknown and requires further investigation.   

 

Breast Cancer TMA and Apoptosis  

A higher number of TUNEL positive apoptotic cells were observed in breast tumour 

tissue samples compared to normal types.  Invasive breast tumour tissue also displayed 

significantly higher numbers of apoptotic cells compared to non-invasive tumour tissue 

(Figure 8.12).  These results reveal that cancerous tissue appears to be undergoing 

apoptosis at higher proportions than normal tissue types.  However it needs to be 

considered that more invasive breast tumours will have high levels of cell division 

occurring and thus will also have higher apoptotic numbers.  Further research should 

also take cell turnover into account when analysing apoptosis in tumour tissue. 

   

Wnt Signalling and Estrogen Receptor  

Chapter 7 demonstrated that there did not seem to be a correlation between the ER 

positive cell line MCF7 and increased Wnt signalling compared to the ER negative cell 

lines MDA-MB-231, MDA-MB-468 and BT-549.  ER status data was available from 

WARTN for the TMA used here, enabling the comparison between ER positive cells 

and immunohistochemistry staining of the Wnt pathways components to be established.  

For the proteins analysed here: Wnt1, sFRP4 and β-Catenin, there was no significant 
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correlation between protein expression and the percentage of total ER positive cells, or 

percentage of strongly positive cells.  Additionally there was no correlation among non-

invasive breast tumours, invasive breast tumours, or among all the tumours compared 

together (Appendix III).  

 

Over-expressed ER-alpha with the addition of estrogen had been shown to increase 

promoter activity of TNF-alpha, resulting in an increase in apoptosis and a decrease in 

β-Catenin and β-Catenin target genes (Hsu et al., 2006).  Reduction in ER activity by 

inhibitors has shown to reduce Wnt/β-Catenin activity in bone cells of mice (Armstrong 

et al., 2007).  Armstrong et al. (2007) also determined that Wnt/β-Catenin signalling in 

bone cells with an early response to strain requires the ER.  Additionally, it has been 

shown that Wnt signalling increase with β-estradiol treatment (Katoh, 2003), as 

discussed in Chapter 7.  From results presented here it appears that in human breast 

tumour tissue Wnt components Wnt1, β-Catenin and sFRP4 do not act under the 

influence of the ER.  However it is evident from other previous works mentioned here 

that increased signalling due to the ER status is directed by hormonal influence (Katoh, 

2003).  The hormonal influence of the breast tumour samples in this study is unknown 

and should therefore be taken into account with future research.  Analysing the levels of 

circulating β-estradiol in the patient’s blood could establish this. 

 

Future Directions 

In order to further establish the correlations between Wnt components in breast cancer, 

increasing the TMA sample size would give more data for comparisons and confirm the 

results presented in this study.  As no correlations between the Wnt1, β-Catenin and 

sFRP4 were seen in this study it would be of interest to investigate more Wnt pathway 

components to see if other correlations exist.  Of particular interest would be the 

relationship between Wnt3A and sFRP4, as sFRP4 has been shown to abrogate Wnt3A 

in murine in vitro studies (Constantinou et al., 2008).  

 

As it was postulated that β-Catenin may play a role in cell adhesion in this study, it 

would be interesting to further look at other cell adhesion molecules in relation to β-

Catenin, for example E-Cadherin.   
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As sFRP4 was shown to be associated with endothelial cells in the blood vessels in this 

current study, it would be of interest to further investigate this potential role in cancer.  

Such studies would involve using over-expressed sFRP4 and knockout sFRP4 with in 

vivo and in vitro models to identify the role of sFRP4 in tumour development, immune 

cells and blood vessel formation.    

 

Conclusions 

These data demonstrate a correlation of the Wnt pathway and it’s involvment in the 

development the malignant phenotype of breast cancer.  Specifically, Wnt1 expression 

is involved with tumour physiology and sFRP4 staining of blood vessels and stromal 

regions is also stronger in breast tumour tissue.  The role of sFRP4 in vascular and 

stromal regions is novel and requires further investigation.  The correlation between 

Wnt1, sFRP4 and β-Catenin was not evident in this study and suggests that correlations 

that have been previously reported may either be tissue specific and not represented in 

breast cancer, or other Wnt molecules not tested here may be playing a role.  Also there 

was no correlation amongst non-invasive and invasive tumour types and Wnt1, sFRP4 

or β-Catenin expression, suggesting that even though these components are involved in 

breast cancer they are not attributed to a more invasive tumour type.  Invasive breast 

tumour tissue had a higher proportion of apoptotic cells compared to non-invasive and 

normal breast tissue suggesting that higher levels of cell division and differentiation 

seen in invasive tissue results in higher levels of apoptotic cells.  ER status did not 

significantly impact Wnt signalling in this study however the hormonal influence on the 

tissue was unknown and is believed to play a role of signalling cause by the ER.  



______________________________________________________________________ 

Chapter 8: Wnt1, sFRP4, β-Catenin and Apoptosis in Breast Cancer TMAs_________________________________________ 194 

  



______________________________________________________________________ 

Chapter 9: General Discussion____________________________________________________________________________ 195 

 

 

 

 

 

 

CHAPTER 9: GENERAL DISCUSSION 



______________________________________________________________________ 

Chapter 9: General Discussion____________________________________________________________________________ 196 

CHAPTER 9: GENERAL DISCUSSION 
 

 

Cells comprising the mammary gland undergo varied changes throughout the lactation 

cycle.  Division and differentiation of these cells from the mammary gland contribute to 

a fully functional secretory gland.  The mammary gland does not reach full 

development until the formation of Lob 4 lobules at the end of pregnancy (Russo & 

Russo, 2004).  Unfortunately the epithelial cells of the mammary gland are prime sites 

for aberrant growth (Mallon et al., 2000) leading to breast cancer.  Thus studying the 

cells from a normally functioning mammary gland as well as cells from an aberrantly 

developed gland enables important distinguishing molecular or physiological 

differences to be established.  Until now, studying the cells from a human lactating 

mammary gland required either invasive tissue biopsy or needle aspiration, both of 

which are not plausible nor ethical during lactation.  However, this thesis demonstrates 

that cells isolated from breastmilk can be collected, stored and utilised to detect 

variations in physiology and signalling. 

 

Obtaining cells from the human mammary gland is routinely performed on suspected 

breast cancer patients.  This usually involves either a fine needle aspiration biopsy or a 

core needle biopsy.  Both of these procedures are expensive, costing approximately 

$129 AUD for a fine needle aspiration and $433 AUD for a core needle biopsy 

(Vimpeli et al., 2008).  Both of these methods are impractical for obtaining cells from a 

normal lactating mammary gland.  Obtaining breastmilk donations and isolating the cell 

population from the milk in place of a tissue biopsy is very appealing and has many 

advantages.  However, further research was required to establish an optimal procedure 

for the collection and storage of breastmilk so that a sample with the highest viability 

and low bacterial contamination could be obtained.  This thesis describes methods to 

optimise the collection and storage of breastmilk to obtain a population of cells that 

maintain a high viability and minimised the effect of bacterial contamination (Chapter 3 

and 4).  As such, the use of breastmilk can be highlighted as a readily available, non-

invasive, ethically sound and cost effective means to obtain cells from the normal 

lactating mammary gland.  Interestingly, this thesis demonstrated that in stored 

breastmilk there was an increase in macrophage like cells at RT and 37 ºC.  Others have 

shown the presence of mammary stem cells in breastmilk (Cregan et al., 2007) and 

together these findings presented here open opportunities to use breastmilk in order to 
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study other cell types.  Immune cells would be of particular interest and, once isolation 

could be performed utilising magnetic bead separation, is an avenue that should be 

explored.  Investigation of specific immune markers like CD3, CD4 and CD45 would 

be used as markers to identify T-lymphocytes and leukocytes.  Understanding the 

functions of the various cell types and immune modulation in the lactating mammary 

gland is important for advancing knowledge in lactation biology and this thesis provides 

a suitable model and methodology for studies to investigate this avenue.    

 

Further characterisation of the cellular content of breastmilk was required to determine 

whether sensitive measurements such as apoptotic proportions could be established.  

Apoptosis is a critical aspect of homeostasis to maintain cell numbers for normal 

functioning.  The mammary gland undergoes extensive apoptosis and remodelling 

during involution around the cessation of lactation (Furth et al., 1997; Sutherland et al., 

2007).  The detection of changes in physiology is important and the techniques used for 

apoptosis must be able to establish such differences.  Apoptosis in cells from the 

lactating mammary gland was determined as milk was removed and showed a bi-phasic 

effect with DoF (Chapter 5).  These changes in physiology highlight the sensitivity of 

the technique to establish such apoptotic variation.  In addition, the results suggested 

that the collection of cells for primary cell culture from mid-milk would be preferable to 

either fore- or hind-milk.   

 

Other sensitive techniques that provide important information on mammary gland 

physiology are changes in signalling pathways and differences that exist between 

normal and aberrant cell types.  Wnt signalling has been demonstrated to play a role in 

the development and differentiation of the mammary gland (Lane & Leder, 1997; 

Tepera et al., 2003; Brennan & Brown, 2004; Chu et al., 2004).  Wnt signalling was 

described in both cells taken from fresh breastmilk and cells from breastmilk grown in 

primary cultures (Chapter 6).  In addition it was also demonstrated that Wnt signalling 

was up-regulated in breast cancer cell lines and tissue samples from biopsies of breast 

cancers (Chapter 7 and 8).  Also, increased expression of sFRP4 staining in immune 

cells and blood vessels of breast cancer tissue was illustrated (Chapter 8) further 

highlighting that Wnts components are a key pathway to compare and contrast among 

normal and abnormal mammary cells.  Characterisation of cells from breastmilk has 

demonstrated that these cells are an effective model for studying normal mammary 

function and signalling.  This signifies the concept of replacing tissue biopsy with cells 
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from breastmilk as a means of assessing and comparing normal mammary pathology 

and physiology.     

 

Currently, large-scale assays using breast cancer tissue can be performed (similar to the 

TMA sections utilised in Chapter 8) and numerous breast cancer cell lines are readily 

available (some of which were used in Chapter 7).  There is no equivocal method to 

analyse either normal, non-immortalised mammary cells either in conjunction with 

breast cancer tissue or readily available normal mammary cells in cultures with the high 

participant numbers that are currently performed using breast cancer cells.  However, 

the data presented in this thesis has shown that we can collect and store cells from 

breastmilk and these cells can be used to identify physiological changes.  Additionally 

cells from breastmilk can be used in vitro to determine variation in Wnt signalling.   

The use of cells from breastmilk as a source of normal mammary tissue raises the 

possibility of using breastmilk as a comparison with other mammary samples in 

succeeding studies.  Further, implications of reproductive cycles and breast cancer 

prevention are coming to light, highlighting cells from breastmilk as an important 

model. 

 

The question has been raised whether breastfeeding provides some resistance to 

mothers against developing breast cancer later in life (Yang & Jacobsen, 2008) however 

the outcomes of the protectiveness are still debated and require examination.  It is 

thought that pregnancy and breastfeeding provides a period of decreased estrogen 

exposure and cessation of ovulation, which have been linked to show protective affects 

against breast cancer (Feigelson & Henderson, 1996).  Nulliparous women have the 

highest proportion of undifferentiated ductal and lobular tissue (Lob1 and Lob2), which 

is thought to have a higher risk for malignant growth (Russo et al., 2005a; Russo et al., 

2005b).  Additionally, the act of breastfeeding or expressing removes cells from the 

mammary gland (Holmquist & Papanicolaou, 1956; Buehring, 1972) and this removal 

may eliminate small clumps of non-vascularised aberrant cells that may have developed 

in an uncontrolled manner.  Until now, obtaining high numbers of cells from lactating 

women was neither plausible nor possible.  However, as described previously, utilising 

cells from breastmilk can provide large participant numbers for comparison against 

cancerous breast cells, with the intention to establish molecular links in the protective 

effect that breastfeeding is suggested to have on breast cancer.  Longitudinal studies of 

breastfeeding women could be performed and comparisons of molecular traits 
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identified.  Changes over the duration of lactation including the weaning period would 

be particularly beneficial as this is where a lot of apoptotic remodelling occurs.  Further 

studies exploring the use of cells from breastmilk can now be performed on various 

mothers of different parities and breastfeeding durations as well as those with breast 

cancer.  Longitudinal studies of women could be established and variation in signalling 

of their mammary cells tracked.  This would be beneficial if recruitment included 

women who breastfed (and the duration), those who were pregnant but never breastfed 

and those with no parity.  The incidence of developing breast cancer could be compared 

with any variation in cell signalling and possible targets involved in protection against 

breast cancer identified.  

 

Conclusion 

Provided attention is given to collection and storage, breastmilk provides a non-invasive 

source of viable human cells from the lactating mammary gland.  These cells can be 

either isolated from milk then studied directly or can be grown in primary culture for 

further investigation.  By characterising apoptosis in cells from breastmilk as milk was 

expressed from the breast, variation in apoptotic proportions was attributed to different 

mechanisms: cell atrophy and lack of basement membrane attachment for cells from full 

breast and shear forces for cells from a drained breast.  Components of the Wnt 

signalling pathway were identified in cells from breastmilk, cells from non-lactating 

breasts and breast cancer cells.  Variation in Wnt expression was evident between 

normal breast cells and breast cancer cells.  Also, the increased expression of sFRP4 

staining in immune cells and blood vessels of breast cancer tissue has been described.  

In order to investigate aberrant cells of the mammary gland, normal mammary tissue 

needs to be available in order to establish any significant changes that might indicate a 

transition to the malignant form.  Utilising cells from breastmilk has shown that it is a 

non-invasive, suitable source of normal lactating epithelial cells and can be used in 

future work to further understanding in mammary gland biology and pathology.   
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CHAPTER 10: PUBLICATIONS 
 

 

The following are the publications that arose during candidature, which are displayed in 

their published format: 

 

Publication 1:  Clare A. Berry, Elizabeth C. Thomas, Kristin M.E. Piper and Mark D. 

Cregan.   The Histology and Cytology of the Human Mammary Gland and Breastmilk.  

 

Publication 2:  Kristin M.E. Piper, Clare A. Berry and Mark D. Cregan.  The Bioactive 

Nature of Human Breastmilk.  
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Publication1: 
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Publication 2: 
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CHAPTER 11: APPENDICES 
 

APPENDIX I: Microbiology Identification Results 

Appendix I: Results From Microbiology Identification of Genus and Species 
BACTERIA IDENTIFIED:   
In Breastmilk ID # Identification/Accuracy  
   
Bacillus cereus 15 API 50 CHB: 58%, T=0.81 
Bacillus cereus 11 API 50 CHB: 99.8%, T=0.79 
Bacillus cereus 23 API 50 CHB: 99.8%, T=0.66 
Chryseobacterim indologenes 10 API 20 NE: 99.9%, T=0.84 
Enterobacter cloacae 11 Vitek GNI Card: 99% 
Escherichia coli 11 API 20 E: 83.7%, T=0.9 
Klebsiella oxytoca 15 Vitek2 GN Card: 99% 
Kocuria rosea 15 API 32 STAPH: 81.4%, T=0.95 
Pseudomonas aeruginosa 10 Vitek GNI Card: 98% 
Pseudomonas luteola 15 Vitek GNI Card: 99% 
Serratia liquefaciens group 16 Vitek2 GN Card: Excellent Identification 
Serratia liquefaciens group 16 Vitek2 GN Card: Excellent Identification 
Staphylococcus epidermidis 18 API 32 STAPH: 86.5%, T=0.89 
Staphylococcus epidermidis 13 API 32 STAPH: 98%, T=1.0 
Staphylococcus epidermidis 20 Vitek2 GP Card 98% 
Staphylococcus epidermidis 19 Vitek2 GP Card 98% 
Staphylococcus epidermidis 11 Vitek2 GP Card 98% 
Staphylococcus epidermidis 4 Vitek GPI Card: 93% 
Staphylococcus epidermidis 13 Vitek GPI Card: 93% 
Staphylococcus epidermidis 11 Vitek GPI Card: 94% 
Staphylococcus epidermidis 15 Vitek GPI Card: 95% 
Staphylococcus epidermidis 22 Vitek2 GN Card: 93% 
Staphylococcus epidermidis 16 Vitek2 GN Card: 98% 
Staphylococcus epidermidis 23 Vitek2 GN Card: 99% 
Streptococcus mitis 19 Rapid ID 32 STREP: 99.2%, T=0.88 
Streptococcus mitis 13 Vitek GPI Card: 91% 
Streptococcus mitis 15 Vitek GPI Card: 91% 
Streptococcus oralis 4 Vitek GPI Card: 88% 

 
On Provided Equipment ID # Identification/Accuracy  
Bacillus cereus Shield 1 API 50 CHB: 99.9%, T=0.79 
Bacillus cereus Shield 2 API 50 CHB: 99.9%, T=0.79 
Bacillus cereus Bottle 3 API 50 CHB: 99.8%, T=0.76 
Bacillus cereus Bottle 4 API 50 CHB: 99.8%, T=0.79 
Bacillus cereus Bottle 5 API 50 CHB: 99.9%, T=0.79 
   
On Own Equipment  ID # Identification/Accuracy  
Acinetobacter baumannii 23 Shield Vitek2 GN Card: 93% 
Acinetobacter lwoffii 23 Bottle Vitek2 GN Card: Oxidase test needed for discrimination 
Bacillus cereus 24 Bottle API 50 CHB: 99.7%, T=0.7 
Bacillus cereus 25 Bottle API 50 CHB: 89%, T=0.87 
Brevibacillus brevis 24 Bottle API 50 CHB: 99.9%, T=0.76 
Enterobacter cloacae 24 Shield API 20 E: 90.9%, T=0.73 
Klebsiella pneumonia spp pneumonia 24 Shield Vitek2 GN Card: Indole test needed for positive ID 
Klebsiella pneumonia spp pneumonia 22 Shield Vitek2 GN Card: 99% 
Serratia liquefaciens group 16 Tube Vitek2 GN Card: Excellent Identification 
Staphylococcus epidermidis 16 Shield Vitek2 GP Card: 98% 
Staphylococcus hominis spp hominis 25 Shield Vitek2 GN Card: NOVO susceptible test require for ID 

 

KEY: 
- Positive GP Gram Positive  

   + Negative GPC Gram Positive Cocci 
CFA Cellular Fatty Acids GPI Gram Negative Identification 
GN Gram Negative GPR Gram Positive Rods 
GNI Gram Negative Identification MCC MacConkey 
GNR Gram Negative Rods NA Not Applicable 
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Appendix I Continued. 
BACTERIA IDENTIFIED:      
In Breastmilk ID # Gram Stain Oxidase Catalase Coagulase 
      
Bacillus cereus 15 GPR + + NA 
Bacillus cereus 11 GPR + + NA 
Bacillus cereus 23 GPR + + NA 
Chryseobacterim indologenes 10 GNR + + NA 
Enterobacter cloacae 11 GNR - + NA 
Escericia coli 11 GNR - + (weak) NA 
Klebsiella oxytoca 15 GNR - + NA 
Kocuria rosea 15 GPC - + NA 
Pseudomonas aeruginosa 10 GNR + + NA 
Pseudomonas luteola 15 GNR - + NA 
Serratia liquefaciens group 16 GNR - + NA 
Serratia liquefaciens group 16 GNR - + NA 
Staphylococcus epidermidis 18 GPC - + - 
Staphylococcus epidermidis 13 GPC - + - 
Staphylococcus epidermidis 20 GPC - + - 
Staphylococcus epidermidis 19 GPC - + - 
Staphylococcus epidermidis 11 GPC - + - 
Staphylococcus epidermidis 4 GPC - + - 
Staphylococcus epidermidis 13 GPC - + - 
Staphylococcus epidermidis 11 GPC - + - 
Staphylococcus epidermidis 15 GPC - + - 
Staphylococcus epidermidis 22 GPC - + - 
Staphylococcus epidermidis 16 GPC - + - 
Staphylococcus epidermidis 23 GPC - + - 
Streptococcus mitis 19 GPC - - NA 
Streptococcus mitis 13 GPC - - NA 
Streptococcus mitis 15 GPC - - NA 
Streptococcus oralis 4 GPC - - NA 

 
On Provided Equipment  ID # Gram Stain Oxidase Catalase Coagulase 
Bacillus cereus Shield 1 GNR + + NA 
Bacillus cereus Shield 2 GNR + + NA 
Bacillus cereus Bottle 3 GNR + + NA 
Bacillus cereus Bottle 4 GNR + + NA 
Bacillus cereus Bottle 5 GNR + + NA 
      
On Own Equipment  ID # Gram Stain Oxidase Catalase Coagulase 
Acinetobacter baumannii 23 Shield GNR - + NA 
Acinetobacter lwoffii 23 Bottle GNR - + NA 
Bacillus cereus 24 Bottle GPR + + NA 
Bacillus cereus 25 Bottle GPR + + NA 
Brevibacillus brevis 24 Bottle GPR + + NA 
Enterobacter cloacae 24 Shield GNR - + NA 
Klebsiella pneumonia spp pneumonia 24 Shield GNR + + NA 
Klebsiella pneumonia spp pneumonia 22 Shield GNR + + NA 
Serratia liquefaciens group 16 Tube GNR - + NA 
Staphylococcus epidermidis 16 Shield GPC - + - 
Staphylococcus hominis spp hominis 25 Shield GPC - + - 

 

KEY: 
- Positive GP Gram Positive  

   + Negative GPC Gram Positive Cocci 
CFA Cellular Fatty Acids GPI Gram Negative Identification 
GN Gram Negative GPR Gram Positive Rods 
GNI Gram Negative Identification MCC MacConkey 
GNR Gram Negative Rods NA Not Applicable 
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Appendix I Continued. 
BACTERIA IDENTIFIED:     
In Breastmilk Sample ID Sudan Black Stain PEMBA Growth CFA Sim Index 
     
Bacillus cereus 15 + + GC subgroup A: 0.883 
Bacillus cereus 11 + + GC subgroup A: 0.390 
Bacillus cereus 23 + + GC subgroup A: 0.549 
Chryseobacterim indologenes 10 NA NA NA 
Enterobacter cloacae 11 NA NA NA 
Escericia coli 11 NA NA NA 
Klebsiella oxytoca 15 NA NA NA 
Kocuria rosea 15 NA NA NA 
Pseudomonas aeruginosa 10 NA NA NA 
Pseudomonas luteola 15 NA NA NA 
Serratia liquefaciens group 16 NA NA NA 
Serratia liquefaciens group 16 NA NA NA 
Staphylococcus epidermidis 18 NA NA NA 
Staphylococcus epidermidis 13 NA NA NA 
Staphylococcus epidermidis 20 NA NA NA 
Staphylococcus epidermidis 19 NA NA NA 
Staphylococcus epidermidis 11 NA NA NA 
Staphylococcus epidermidis 4 NA NA NA 
Staphylococcus epidermidis 13 NA NA NA 
Staphylococcus epidermidis 11 NA NA NA 
Staphylococcus epidermidis 15 NA NA NA 
Staphylococcus epidermidis 22 NA NA NA 
Staphylococcus epidermidis 16 NA NA NA 
Staphylococcus epidermidis 23 NA NA NA 
Streptococcus mitis 19 NA NA NA 
Streptococcus mitis 13 NA NA NA 
Streptococcus mitis 15 NA NA NA 
Streptococcus oralis 4 NA NA NA 

 
On Provided Equipment  Sample ID Sudan Black Stain PEMBA Growth CFA Sim Index 
Bacillus cereus Shield 1 + + GC subgroup A: 0.569 
Bacillus cereus Shield 2 + + GC subgroup A: 0.575 
Bacillus cereus Bottle 3 + + GC subgroup A: 0.574 
Bacillus cereus Bottle 4 + + GC subgroup A: 0.590 
Bacillus cereus Bottle 5 + + GC subgroup A: 0.594 
     
On Own Equipment  Sample ID Sudan Black Stain PEMBA Growth CFA Sim Index 
Acinetobacter baumannii 23 Shield NA NA NA 
Acinetobacter lwoffii 23 Bottle NA NA NA 
Bacillus cereus 24 Bottle + + GC subgroup B: 0.707 
Bacillus cereus 25 Bottle + + GC subgroup B: 0.613 
Brevibacillus brevis 24 Bottle NA NA GC subgroup A: 0.619 
Enterobacter cloacae 24 Shield NA NA NA 
Klebsiella pneumonia spp pneumonia 24 Shield NA NA NA 
Klebsiella pneumonia spp pneumonia 22 Shield NA NA NA 
Serratia liquefaciens group 16 Tube NA NA NA 
Staphylococcus epidermidis 16 Shield NA NA NA 
Staphylococcus hominis spp hominis 25 Shield NA NA NA 

 

KEY: 
- Positive GP Gram Positive  

   + Negative GPC Gram Positive Cocci 
CFA Cellular Fatty Acids GPI Gram Negative Identification 
GN Gram Negative GPR Gram Positive Rods 
GNI Gram Negative Identification MCC MacConkey 
GNR Gram Negative Rods NA Not Applicable 
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Appendix I Continued. 
BACTERIA IDENTIFIED:    

In Breastmilk 
Sample 

ID Additional Tests for Identification Shield 
    
Bacillus cereus 15 NA PROVIDED 
Bacillus cereus 11 NA PROVIDED 
Bacillus cereus 23 NA PROVIDED 
Chryseobacterim indologenes 10 NA OWN 
Enterobacter cloacae 11 Purple colonies on MCC media OWN 
Escericia coli 11 Purple colonies on MCC media OWN 
Klebsiella oxytoca 15 Purple colonies on MCC media OWN 
Kocuria rosea 15 NA PROVIDED 
Pseudomonas aeruginosa 10 NA OWN 
Pseudomonas luteola 15 NA PROVIDED 
Serratia liquefaciens group 16 Purple colonies on MCC media OWN 
Serratia liquefaciens group 16 Purple colonies on MCC media PROVIDED 
Staphylococcus epidermidis 18 NA PROVIDED 
Staphylococcus epidermidis 13 NA OWN 
Staphylococcus epidermidis 20 NA PROVIDED 
Staphylococcus epidermidis 19 NA PROVIDED 
Staphylococcus epidermidis 11 NA OWN 
Staphylococcus epidermidis 4 NA PROVIDED 
Staphylococcus epidermidis 13 NA PROVIDED 
Staphylococcus epidermidis 11 NA PROVIDED 
Staphylococcus epidermidis 15 NA OWN 
Staphylococcus epidermidis 22 NA PROVIDED 
Staphylococcus epidermidis 16 NA PROVIDED 
Staphylococcus epidermidis 23 NA PROVIDED 
Streptococcus mitis 19 No growth 6.5% NaCl Todd Hewitt Broth, Aesculin neg.  PROVIDED 
Streptococcus mitis 13 No growth 6.5% NaCl Todd Hewitt Broth, Aesculin neg.  PROVIDED 
Streptococcus mitis 15 No growth 6.5% NaCl Todd Hewitt Broth, Aesculin neg. OWN 
Streptococcus oralis 4 No growth 6.5% NaCl Todd Hewitt Broth, Aesculin neg. PROVIDED 

 

On Provided Equipment 
Sample 

ID Additional Tests for Identification Shield 
Bacillus cereus Shield 1 NA NA 
Bacillus cereus Shield 2 NA NA 
Bacillus cereus Bottle 3 NA NA 
Bacillus cereus Bottle 4 NA NA 
Bacillus cereus Bottle 5 NA NA 
    

On Own Equipment  
Sample 

ID Additional Tests for Identification Shield 
Acinetobacter baumannii 23 Shield Purple colonies on MCC media NA 
Acinetobacter lwoffii 23 Bottle Purple colonies on MCC media NA 
Bacillus cereus 24 Bottle NA NA 
Bacillus cereus 25 Bottle NA NA 
Brevibacillus brevis 24 Bottle NA NA 
Enterobacter cloacae 24 Shield Purple colonies on MCC media NA 
Klebsiella pneumonia spp pneumonia 24 Shield Purple colonies on MCC media.  Indole Test: -. NA 
Klebsiella pneumonia spp pneumonia 22 Shield Purple colonies on MCC media NA 
Serratia liquefaciens group 16 Tube Purple colonies on MCC media NA 
Staphylococcus epidermidis 16 Shield NA NA 
Staphylococcus hominis spp hominis 25 Shield NOVO/DEFRX Antibiotic Test: Susceptible NA 

 

KEY: 
- Positive GP Gram Positive  

   + Negative GPC Gram Positive Cocci 
CFA Cellular Fatty Acids GPI Gram Negative Identification 
GN Gram Negative GPR Gram Positive Rods 
GNI Gram Negative Identification MCC MacConkey 
GNR Gram Negative Rods NA Not Applicable 
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APPENDIX II: qPCR Sequencing 

 

 
Appendix II (i): Sequence Alignment for Wnt1: 97% Identity. 

 

 
Appendix II (ii): Sequence Alignment for Wnt3A: 99% Identity.  

 

 
Appendix II (iii): Sequence Alignment for Wnt10B: 96% Identity. 

 

 
Appendix II (iv): Sequence Alignment for sFRP4: 91% Identity. 

 

 
Appendix II (v): Sequence Alignment for β-Catenin: 96% Identity. 
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APPENDIX III: ER Status and Wnt Pathway Correlations 

 

  
 

 

  
 

 

  
 

 
Appendix III (i): ER Status and Wnt1 Grading Comparisons. 
In all graphs (A-F) there is no significant correlation between Wnt1 grading and ER positive status, for 
both total ER positive cells, or stong ER positive cells.  There is also no significant correlation in non-
invasive tumour type (A,B), invasive tumour types (C.D), or combined groups (E,F). 
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Appendix III (ii): ER Status and sFRP4 Grading Comparisons. 
In all graphs (A-F) there is no significant correlation between sFRP4 grading and ER positive status, for 
both total ER positive cells, or stong ER positive cells.  There is also no significant correlation in non-
invasive tumour type (A,B), invasive tumour types (C.D), or combined groups (E,F). 
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Appendix III (iii): ER Status and β-Catenin Grading Comparisons. 
In all graphs (A-F) there is no significant correlation between β-Catenin grading and ER positive status, 
for both total ER positive cells, or stong ER positive cells.  There is also no significant correlation in non-
invasive tumour type (A,B), invasive tumour types (C.D), or combined groups (E,F). 
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